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Summary
This Thesis describes techniques used in the analysis of aerospace adhesively bonded
sandwich joints using radially polarised shear wave EMATs, together with an analysis of
the general performance of the EMAT systems used in the investigation.
It is generally accepted that to date there is no satisfactory technique for the detection of
defect types commonly encountered in adhesively bonded aerospace samples. This has
limited the use of adhesives for joining components on critical parts, where no additional
fixing techniques are used. Consequently, if a test procedure could be developed to
accurately monitor post production defects and in-service degradation then there would be
great benefits in terms of weight saving and strength in joined components which were held
together by adhesive bonds alone. Ultrasonics is a technique commonly applied to the
assessment of bond quality and readily lends itself to the probing of media which support
the propagation of acoustic waves. The principal is that the propagation of sound through
a medium gives some indication of the mechanical properties of that medium, and in terms
of an adhesive layer could measure the strength of the adhesive bulk itself- cohesion. The
efficiency of propagation of sound from one medium to another depends on the physical
properties of each medium, and possibly on how well the surfaces of each medium are
joined together - adhesion. Adhesion is the more difficult property to monitor as it is not just
a case of mechanically keying one medium to another on a nanometre scale, but other
interactions occur between the media similar to a Van der Walls type force that also
contribute to adhesion.
It has been extensively reported in the literature that the most sensitive ultrasonic wave to
use would be ashearwave at normal incidence to the adherent-adhesive interface. Radially
polarised shear wave EMATs have been used to generate the shear waves that induce a shear
stress at an adherent-adhesive interface. Some of the work involved in this project has
concentrated on the design, construction and characterisation of these EMATs and the
supporting hardware such as current pulser circuits and the necessary low noise-high
bandwidth preamplifiers. The experimental work is presented in chapters 3-7. Chapter 3
covers the performance of the EMAT systems, chapter 4 discusses the EMAT operation on
birefringent aluminium plates, chapters 5 and 6 cover the results and analysis used in the
adhesive bonds and chapter 7 describes a technique to monitor adhesive cure using EMATs
which monitor changes at an adherent-adhesive interface and within the adhesive bulk
itself.
xviii
Chapter 1
Introduction
1.1 Background
It is generally accepted that to-date, there is no satisfactory probe for testing the
integrity of adhesively bonded samples. The technique presented here is not offered as a
complete solution to the problem, but as a complementary method to those already in
existence. The project concentrated on one particular type of )oint, a sandwich structure
joint (sometimes called a long bond). This was to be investigated in the form of two
adhesively bonded aluminium plates.
Unfortunately, the technology needed to non-destructively test adhesive bonds has
lagged behind the advances in adhesives themselves. The most common adhesives in use
today are epoxy adhesives. These have been around for about fifty years and throughout that
time have been developed for a variety of specific applications. The main attraction of using
an epoxy adhesive is their high strength, low weight, ability to adhere to a wide range of
materials and their low shrinkage factors. The main fields concerned with adhesively
bonding metals are the aerospace and automotive industries. There is of course more cause
for concern in the integrity of aerospace structures as failure here would be far more
catastrophic. Adhesive bonds are only exclusively used on the internal structure of aircraft,
where failure of ajoint would not greatly impair the performance of the aircraft. In regions
where the structural integrity is paramount, the structure is adhesively bonded and joined
using metal fasteners (rivets). In some ways the presence of these fasteners, undermines the
reasons behind constructing adhesive bonds in the first place. The actual preparation of the
bonded samples is obviously done under strictly ' ontrolled conditions. Both the adherents
(aluminium plate) and adhesive (an epoxy) must he carefully prepared prior to bonding, and
the curing process itself must be performed within specific technical margins. A more
detailed description of the bonding and pre-treatinent process is given in the Appendix B.
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The impetus behind using an adhesive is the reduced weight of the structure as a
whole, and the fact that a relatively large area can bejoined, while spreading the stress fairly
evenly over the total area: a well prepared bond is undoubtedly one of the best ways to join
two plates together, with the only real mechanical threat to the joint coming from the plates
peeling away from each other. Fasteners not only increase overall weight, but the holes they
are located in act as points of stress concentration, and the whole process of 'riveting'
damages the adhesive bonding to varying degrees. Quite often when an adhesive bond fails
on such a structure, it fails around the riveted area. And of course, from a testing point of
view, the presence of metal fasteners in the plate make the process of checking bond
integrity more complicated. This is true from the actual sc nrthx, of aboxd, to the axaIjsis
that will have to be performed on the signal. Apart from the potential defects introduced in
manufacture, there will also be degradation of the aircraft structure as a whole, while in
service. Joints are constantly being stressed, and problems may develop in regions that were
initially well constructed. The main threat to an adhesively bonded structure is the
ingression of water into the joint. In order to protect the exposed areas of bond lines the
structure is painted. Any practical techni4ue for testing bonds 'in-service' should therefore
not damage the paint layer, let alone require its removal.
1.2 Common techniques used in testing adhesive bonded structures
There are several review papers concerned with the general topic of techniques for
testing composite structures. The reader is referred to four papers which give a good
background to the topic. [1,2,3,4].
X-ray techniques [5,6] can be used in some adhesively bonded structure examinations.
They are better suited to carbon fibre composite typejoints, as in metal joints, the interaction
with the metal is by far the most dominant process. The only tests of any use direct theX-
ray down the less absorbing adhesive layer itself, giving a measure of the amount of material
in the bondline. Even if the metal were extremely thin, examination through the entire bulk
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of the bond is futile as x-rays 'measure' the amount and density of the material present. Quite
often in a structure, all the material required for bonding may be present but unbonded.
Neutrons can be used in checking bond integrity [7,8], as they have the advantage of
interactingwith both the metal and the adhesive. In fact, neutrons will preferentially interact
with hydrogen containing compounds. This is a good technique to highlight the presence
of moisture in a bond, at the interface or within the adhesive bulk. The main disadvantage
here is that neutron sources are expensive (in terms of beam time), immobile and not
remotely suitable for testing large constructions.
Thermography or thermal imaging uses heat waves to measure the degree of thermal,
and thus mechanical coupling across an interface [9,10]. Thermal imaging falls into two
categories, active (where heat waves ate produced by stressing the sampfe) and passive
(heat waves applied to sample). This is not a particularly sensitive technique and ii it is to
be used on metal-metal bonds, the metal muss be thin so that some appcecabe aznowi th
heat can propagate to the adherent-adhesive interface.
A metal-metal adhesive bond can behave as a capacitor, and this geometry can lend
itself to a dielectric based test of the bond [11]. An AC signal is applied across the bonded
structure and the impedance and losses can be studied as a function of frequency. When
moisture traps itself inside a bond it can either be bound to the adhesive molecules in the
form of hydroxyl groups, or just sit free at the adhesive-adherent interface. The relaxation
phenomena for free and bound water occur at very different frequencies (approximately
1MHz for 'bonded' , 20GHz for 'free'). Thus, in theory it is possible to detect the presence
and type of moisture contamination in the bondline.
Eddy current testing has been successfully implemented in the NDT of aircraft
structures [12]. However, the test does not check adhesive bond integrity, but the condition
of the metal fasteners and metal around these fasteners (for problems such as cracks or
corrosion). The eddy currents are trapped within an electromagnetic skin depth and the
thinnest of metal-metal bonds are too thick to allow any probing of the adhesive layer.
The ideal setup for testing a bond would have the ability to test without the test probe
making contact to the sample, while maintaining a sensitive probe to adhesive bulk and
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interface properties. One of the most obvious techniques that satisfies this criterion is non-
contact ultrasound. The main types of non-contact generators/detectors are lasers, air
coupled transducers, capacitance transducers, eddy current probes and electromagnetic
acoustic transducers (EMATs). The latter two are closely related to each other, but strictly
speaking fall into their own categories. The experiments that will be described in this thesis
mainly employ broadband, radially polarised shearwave EMATs. Simple ultrasonic theory
shows that plane shear waves should be more sensitive to variations in the impedance
mismatch at a bond interface than a longitudinal plane wave, especially where liquid or
liquid-like media are present. This will be discussed in more detail in chapter 2. The easiest
EMAT to construct which is also the most efficient (in terms of ultrasonic mode generated)
is the radially polarised shear wave EMAT, which was the type used in the experiments.
These EMATs have been designed, built and developed at Warwick University during the
course of this project, and have been under continuous development. Thus, some of the
thesis is concerned with EMAT characteristics and general performance. The use of
EMATs in ultrasonics has been well documented and they have been used in acoustic
measurements for around 20 years [13,14]. They are commercially available, and as with
other fields of technology, they have become smaller and more efficient as the components
of the system have improved: mainly the strong permanent magnet used and the electronics
that amplify the signal. Advances in signal processing have also helped make the EMAT
a more versatile instrument, perhaps the most useful being the ability to quickly average
digitised waveforms using equipment that is relatively inexpensive. The EMAT is effectively
a sensitive RF signal receiver, and as such is susceptible to electromagnetic noise, making
the ability to average signals imperative if accurate amplitude values of specific pulses are
to be measured.
A sensible route to take when analysing the physical properties of a bonded structure
is to measure the physical properties of the individual isolated components that constitute
the bond. Characterisation experiments were conducted on both aluminium plate and the
cured epoxy adhesive. At its simplest level, the bonded structure can be envisaged as 3
distinct layers. In reality the most simple bond is multi-layered, with the layers having no
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distinct boundaries on a nanometre scale, but rather a graduated change in composition and
thus physical properties. It is the sudden change in the acoustic properties at the boundary
of two media that gives rise to reflection of a sound wave [15,16]. Where the change in
acoustic properties are not 'sudden', then the impedance mis-match is reduced, and thus
more of the energy of the ultrasonic wave is coupled across the boundary.
Fortunately, the system can almost always be treated as a 3 layer system for most
ultrasonic investigations. Basic wave theory shows that in order to observe an object, the
wavelength of the wave that interacts with it must be less than the size of the object. In other
words, if the feature is a layer of thickness say D, and the incident ultrasound has wavelength
L, then the layer cannot be observed if D>>L. This is the case for the interfacial and primer
layers when using the EMAT, as the smallest significant wavelengths present in the
broadband pulse are the order of 3OOtm (corresponding to 10MHz SH wave in aluminium),
while the interfacial layers are usually no more than 1im thick in total.
1.3 Defect Types
There are several types of defect that are commonly found in adhesive bonds
produced during manufacture, which are shown in fig 1.1 [1,2,3,4]. The composition of an
adhesive gives it the required strength, both adhesive and cohesive and its other physical
properties. The correct composition also requires the appropriate curing conditions.
Contaminants and incorrect composition will give rise to a defect type that in general will
not be localised, as the adhesive will have been mixed. Contaminants can be introduced
from the preparation processes, as these will often use volatile degreasing and cleaning
agents. Atmospheric moisture and air can also be trapped in the bondline prior to cure. This
will give rise to porosity within the adhesive and also at the adherent-adhesive interface,
giving reduced internal strength and interface coupling. When there is a high degree of
porosity, a complete void may form, though voids are more commonly formed by trapped
air, or a localised lack of adhesive. Cracking of the epoxy layer during manufacture is only
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really observed in brittle high temperature adhesives. Defects that occur at the interface
between adhesive and adherent are most commonly caused by oils, release agents or loose
oxide layers on the metal surface. This can result in the cured epoxy touching the metal
adherent, but not actually being stuck to it. This is usually referred to as a kissing bond or
zero volume disbond, and is difficult to detect using conventional testing procedures. The
adhesive used in the bonds in this project is manufactured as a film which is protected on
each side by a thin plastic 'peel-ply'. This is removed prior to bonding, but situations can
arise where a small portion is left on the adhesive surface, preventing any adhesion to the
surface. In situations where the bonding process takes place at high temperature, some types
of contaminants can be dissolved into the adhesive, reducing the problem of poor interface
coupling.
Defects introduced in-service are mainly caused by attack of aggressive chemicals,
moisture, and both thermal and mechanical cycling. Mechanical cracking of the adhesive
is obviously a very serious threat, as once a crack has been formed it takes relatively little
energy to encourage it to propagate. Cracks also increase susceptibility to attack from other
agents, but fortunately this type of defect is one of the easier types to detect.
1.4 Proceeding chapter outlines
Chapter 2 gives an introduction to ultrasound with the emphasis on aspects relative
to this study, and as a summary and review of some of the relevant work in the field of both
EMAT and adhesive bond analysis.
Chapter 3 describes the EMAT systems used and developed during the course of this
project, including both supporting circuitry and the transducers themselves. The non-
contact generation and detection processes are discussed in more detail. Some theoretical
calculations are also presented and compared with the experimental observations.
Chapter 4 deals with the phenomena of acoustic birefringence. This effect arises due
to the anisotropic nature of a sample. Despite the fact that aluminium plate is polycrystalline,
it does have anisotropy. This is brought about by the process of working the metal. The
mechanism and nature of this anisotropy is described, extending the basic equations
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presented in chapter 2. Experiments were performed studying the birefringence as a
function of applied stress, and c-scans were performed on a range of flat bottomed holes
which also revealed the anisotropic nature of the aluminium plate.
Chapter 5 describes the general results and considerations that are required when
ultrasonically scanning adhesively bonded samples such as those investigated in this
project. The through transmission and send-receive techniques are discussed for the
specific case of the EMATs used and the results from these experiments are presented. The
basic properties of the isolated components that constitute the bonded samples are
individually examined. Finally, some specific scan results from different samples are
explained from both the send-receive and through transmission techniques.
Chapter 6 is a more detailed investigation of the ultrasonic signals observed in the
adhesive bonds and the aluminium plates. Some simple waveform simulation is performed
and the results used to explain why certain features manifest t'nemsees in particu'ar
situations. A number of calculations are presented on phase and group velocity using the
procedure outlined in chapter 2. The viscoelastic behaviour of the epoxy adhesive is also
examined and a single relaxation frequency model has been used to determine certain
physical parameters from the experimentally obtained phase velocities.
Chapter 7 is a brief description of the study of an adhesive bond cure using EMATs
in send-receive and through transmission simultaneously. The adhesives used in the
experiments were 2 part air cure epoxy adhesives. Basic measurements on transmitted and
reflected shear wave amplitude measurements are presented with more detailed work
performed in the frequency domain. Once again, the results are fitted to a single relaxation
frequency viscoelastic model and the results compared with those obtained by other
workers.
Chapter 8 is the conclusion and discussion, and a summary of the implications that
arise as a result of the work presented in this thesis.
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Chapter 2
Basic Theory and Review
2.0 Introduction
The aim of this chapter is to provide background knowledge to the proceeding
experimental chapters, and some justification for the techniques used. A brief recap of
simple ultrasonic theory is given, with more detailed theory being presented in the relevant
chapter as required. Once having established the basic wave equation, the equipment and
mechanisms for generating the ultrasonic modes described later in the thesis are discussed.
The second part of the chapter is a review and comparison of some theory and experiments
performed by other workers in the field of adhesive bond analysis.
2.1 Simple theory of ultraso.!
Wave propagation in an elastic medium [1,2,3,4] is most easily derived in terms of
the relationship between the stress in that medium and the strain at the same point in that
medium. Here stress is denoted by the tensor cYik and strain by ej.
The stress tensor is given by,
G11 012 013\
0. = 021 022 G23ik
[031 032 033) 2.1
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and can be separated into the sum of a symmetric part (corresponding to a pure linear
operating force), and an anti-symmetric part (corresponding to a pure rotational force or
torque).
The strain tensor can also be separated into a symmetric part (corresponding to pure
displacement) and an anti-symmetric part (corresponding to a pure rotation). As the pure
displacement and the pure linear force terms are only required, the stress and strain tensors
2.2
can be written,
(oai	 1	 6
0. = 0 0ik	 6	 2	 4
0 O 03)
(e1 e6 e5
e. =	 e	 e	 ejik	 6	 2	 4
	
e	 e4 e3) 2.3
In the limit of small deformations, the stress and strain are related by the equation,
o= Ce
	
2.4
Taking the pure displacement and pure linear force components of stress and strain,
as both c and eu consist of 6 independent components rather than 9, the modulus of
elasticity tensor has 36 independent components.
By consideration of the energy associated with a deformation, the components of the
modulus tensor are related by,
C ikJ =	 2.5
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The modulus tensor is therefore symmetric with 21 independent components, and for
a general anisotropic system (with an centre of inversion - a type of symmetry condition)
the stress - strain relationship can be written as
(°\
	 (C11 C12 C13 C14 C15 C16\	 e1
02	 C12 C22 C23 C24 C25 C26
03
	
-	 Cl3 C23 C33 C34 C35 C36	 e3
04
	
- C14 C24 C34 C44 C45 C46	 e4
05	 C15 C25 C35 C45 C55 C56	 e5
06	 Cl6 C26 C36 C46 C56 C66	 e 6	2.6
The symmetry operators that describe a particular crystal structure put extra constraints
on the above equation, and can thus make certain components of the matrix null, or equal
in magnitude, reducing the number of independent elastic constants. For example, a system
with triclinic symmetry would have 36 independent constants, an orthorhombic system will
(generally) have 9, a cubic 3 and an isotropic medium 2 independent elastic constants.
2.1.1 Ultrasonic wave propagation
The wave equation effectively relates the dynamic response of a medium to an applied
force. This is introduced via the stress, as the stress is a force and force is related to
acceleration via Fma. Thus combining stress and strain into a general wave equation we
can write,
d2u - 1 d2u
dx2	 V2 dt
	 2.7
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The precedingwave equation describes a plane wave in an infinite elastic medium and
its solution can be written in the form given by Christoffel [3] as,
detll'. - PV2ôjk = 0I ik
	 2.8
where the tensor Fik comprises the directional wave normal cosines in quadratic
form, and v is a real phase velocity.
The solutions to the above equation for the phase velocity are dependant on wave
propagation direction and the acoustic wave polarisation direction.
When ultrasound is generated by transduction, the wave generated has a spatia) and
time dependant form. The calculation of the ultrasonic displacement produced by a rea'
transducer can be performed va the xst of a 3reeiis fuiction The UftraSoUnd
generated by the radially polarised EMATs used in the project described here was
broadband in frequency. This means that there was a range of frequencies present in the
pulse, which makes the pulse spatially sharper than would be obtained if the EMAT was
driven by a resonant single frequency toneburst. In real media, the physical behaviour will
deviate from ideally elastic with the result that the phase velocity is a function of frequency.
In order to measure the phase velocity, the analysis must be performed in the frequency
domain, as described in the next section.
2.2 Phase and group velocity calculations
Following the notation and derivation of the formula suitable for phase and group
velocity calculation presented by Sacshe et al [8], the wave equation for ultrasonic
displacement can be written as,
u(x,t) = Aexp[i(wt±kx+E)]	 2.9
where k is the w is the angular frequency of the ultrasound, k the wavenumber and E
11
Vp—	 _w
- Real[k] -
	
2.12 2.13Vg=
a phase shift or difference. In the next step, either the frequency or the wavenumber can be
chosen to be a complex number. Taking the wavenumber to be complex, such that
k=t3+ia
	 2.10
and substituting into the wave equation yields,
u(x,t) = A exp(-ox). exp[i(wt ± 13x +	 2.11
The phase velocity VP, and group velocity Vg are dened as,
The fast Fourier transform ( FFT) used in the present work yielded the transform in
the format of a real component and an imaginary component. This procedure does not
directly give the phase for a particular frequency. It is the ratio of the imaginary component
to the real component that gives the arctan value of the phase angle. In order to obtain the
phase relationship, which in effect shows the relative position of each frequency component
in phase space, a polar co-ordinate system was used in the complex notation. This form of
the polar notation is Re 10 ,where R is the magnitude of the frequency component, and 0 is
the relative phase of the frequency component. As the computer algorithm used did not
return values of phase (arctan) outside +rt or -it (as doing so would be ambiguous), the
values obtained need 'unwrapping' , or extrapolating such that the phase continuously
varies, either increasing or decreasing. The slope of the phase component is completely
arbitrary, depending of the position of the waveform in the transform window, prior to the
transform operation. This point is illustrated in fig2.1 showing a pulse in 3 different
positions, with the 3 corresponding phase relations. Note that the phase information is only
plotted up to values of 10MHz as there is no frequency information in the observed EMAT
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pulses at frequencies higher than this ( evident in the magnitude FET). This is a general
consideration for the frequency information from the broadband ultrasound used in the
experiments described in this thesis.
In order to put any absolute meaning on the value of phase a reference phase is
required, from a reference ultrasonic pulse. Thus, a minimum of 2 ultrasonic pulses are
necessary if any quantitative measurements are to be made in the frequency domain. In the
phase and group velocity calculations, the expressions obtained are shown below.
The phase velocity can be catcuated from the equation,
2t fLV(1)	 [(D-0 ]+2tf-r5	2.14
and the group velocity from
2itLVg(f) =
	 ä4	 8(f)
(---	 f	
2.15
where 4o is the phase relationship from the reference pulse, 4(f) is the phase derived from
the pulse that has traversed a distance L through the medium under investigation and f is
the frequency of the ultrasound. The term r is a correction that can be used where one pulse
has been shifted towards the other. In general the pulses are shifted closer together in
windowing capture techniques making the term t a positive quantity.
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2.3. Transmission of ultrasonic waves through layered media
Classical acoustic theory predicts that at the interface of 2 elastic halfspaces, the
reflection coefficient r and transmission coefficient t are given by,
r-
 ____
– z1 + z2	 2.16
-	 2Z2
- z i +z2
	 .17
where Zi is the acoustic impedance (velocity * density) of the medium that contains
the incident and reflected waves, and Z2 is impedance of the medium that contains the
transmitted wave only. Where one of the media significantly deviates from elastic
behaviour the above expressions for the reflection or transmission coefficients will be
modified, in general being frequency dependant.
At a simple level, the structures studied in this thesis which comprise the adhesi've'j
bonded aluminium plates can be considered as three-layered. A further simplification is to
model the adherents as semi-infinite half spaces, with a finite adhesive layer between the
2 adherents. The boundary conditions (of continuity of particle velocity and pressure) that
need to be satisfied give rise to a frequency dependant transmission function for ultrasonic
waves propagating through the joint. The intensity plane wave transmission coefficient at
normal incidence for such a system is given by [9,10],
2	
1	
2
Cos2(k2L)	 liZ2 z1\	 2(k2L)+ —I—+---I Sin4 z3 )	 4Z3 z2 )
The above equation will hold for the case of bonded aluminium plates where the
ultrasonic wavelength is much shorter than the adherent thickness, which is approximately
the case in the experimental samples in this project. It must still be bourn in mind however
that the ultrasonic field generated by the EMAT will not be a plane wave in the limit of the
aluminium adherent thickness.
2.18
14
The transmission coefficient equation can be expressed in matrix form
A1 ^B1	Cosk2L
	
i .2 Sin k2L
	
A3
x
A1 —B,	 iiSink2L	 -Cos k2L
	
A3
	
2.19
where A1 is the amplitude of the incident wave, is the wave amplitude reflected from the
first interface and A3 is the amplitude of the wave transmitted into the far adherent
halfspace. This representation can be expanded to an nth layered structure such that the
amplitude coefficients in only the first halfspace and the second final halfspace are denoted.
The bonded structure as awho[e has a nunibec of mechanical resonances, assodated
with the propagation of ultrasound through the structure, and is therefore in essence a low
frequency technique. Several workers have adopted the frequency domain analysis approach
[11,12,131 to investigate the 'cohesive' properties of the adhesive layer, or rather the
thickness for a known ultrasonic velocity within the adhesive or vica versa. The technique
is better suited to adhesively bonded structures where the adherents are much thinner than
in the samples used in this project, as for thick adherents the geometry of the adherents
dominate the frequency response [14]. This is illustrated by the FFT of the waveform in
through transmission in an adhesively bonded sample consisting of two identical 3.00mm
plates and a 100tm adhesive layer, compared with the FF1' of a waveform in a 3.00mm
blank plate, shown in fig 2.2(a). The spectra appear nominally identical and the repeat
frequency corresponds to the reverberations within an aluminium adherent.
Features in the spectrum can be made clearer by selectively transforming certain
regions of the waveform. This is also shown in fig 2.2(b) where instead of taking the FF1'
of the entire displayed waveform, the window is chosen to include only the bond
reverberations and the first principal pulse. It is quite evident that the repeat frequency in
this magnitude FFT corresponds to the adhesive layer reverberations
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(or adhesive thickness / ultrasonic shearvelocity). In the first FFT (fig 2.2(a)) of the entire
waveform this magnitude information is lost, or rather hidden due to the dominant nature
of the ultrasound trapped within the much thicker aluminium adherents.
2.4 Ultrasonic methods for testing adhesive bonds
2.4.1 Wave modes
Ultrasound is usually the favoured means of non-destructively testing the condition
of a bonded structure. Within the field itself there are many different techniques applied to
the testing of adhesive bonds. This thesis however is concerned with both the techniques,
and the physical properties that such measurements can reveal. The three main methods
using ultrasonic waves are discussed below.
2.4.2 Bulk waves at normal incidence
Longitudinal and shear waves which propagate at normal incidence to a sample
surface are the easiest and most basic ultrasonic modes to generate. Theory shows that for
the majority of conceivable cases, the most sensitive probe of an interface should generate
a shearstress at the interface and this fact has been pointed out in the literature [15,16,17,18].
A basic approach is to take a simplified case where mechanical coupling at the adhesive-
adherent interface is modelled via connecting tangential and normal spring components of
variable stiffness, which is akin to allowing a certain degree of slip between the two planes
at the interface. This will be discussed further in chapter 5.
An SH wave at normal incidence to the interface will induce the purest shear stress
component at the boundary. Conventional piezoelectric shear wave transducers are contact
devices, and require a very viscous couplant to transmit the ultrasound into the sample. This
makes any scanning technique extremely problematic. The shear wave piezoelectric
transducergenerates alinearly polarisedshearwave which could lead to further complications
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if the aluminium plate adherent is birefringent. This will be discussed in more detail later
in chapter 4. Due to the difficulties encountered with shear wave generation, experimenters
using longitudinal transducers dominate the literature. This is still a contact method, and the
transducers require an acoustic couplant such as water, oil or a dry couplant such as rubber
coupled to the transducer face [19] ( but these transducers are currently relatively
insensitive). Typical scanning techniques are performed usingwaterj et coupled transducers,
immersion tankscans and spot measurements. While the coupling and scanning requirements
can be achieved in this fashion, the techniques are far from ideal. For example, it is always
desirable to ensure that moisture does not attack aerospace adhesive bonds, but this is one
of the most common coupling media, while the acoustic gel used forspot-type measurements
is actually corrosive if not properly removed. Longitudinal waves are less sensitive to
interface coupling than shear waves, particularIy solid-liRuid interfaces, but ate bj far the
most commonly used ultrasonic mode for adhesive bond analysis.
The signals observed using ultrasonic transducers never consist of a pure shear or pure
longitudinal wave displacements due to the finite size of the source (where the source is the
active area of the transducer). This general phenomena has been discussed in the case of
electromagnetic acoustic transducers by Kawashima [20].
2.4.3 Bulk waves at oblique incidence
An alternative way of generating a shear stress at an interface rather than actually
using a shear wave transducer is to send longitudinal waves at an oblique angle to the
interface. Simple plane wave theory predicts that a fraction of the longitudinal wave energy
will mode convert to ashearwave depending on the angle of incidence. There is an optimum
angle for generating a shearwave in such a geometry, dependant on the acoustic characteristics
of the transducer face and the test specimen. In general, the ultrasound entering the medium
will consist of both longitudinal and shear waves.
17
The second point to note is that when a pure longitudinal wave impinges on a
boundary at some oblique angle there are stress components generated both normal to and
along the boundary. This situation can again give rise to some mode conversion [2,4,20].
Thus there are typically four principal wave modes to consider in such a technique.
These are ;-
1) longitudinal wave into adherent, longitudinal wave off interface LL
2) longitudinal wave into adherent, shear wave off interface LS
3) shear wave into adherent, shear wave off interface SS
4) shear wave into adherent, longitudinal wave off interface SL
These modes are not as sensitive as a shear wave at normal incidence, but at Jeast
posses some shear component parallel to the adhesive-adherent boundary[21,22J. This
technique is sometimes called pitch-catch (see fig 2.3) and while it can be carried out from
one side of the sample only, it requires two transducers. One transducer generates \ce
ultrasound, while the other has to be aligned in the correct position to detect the wave
reflected from the boundary
2.4.4 Guided waves
A potentially powerful technique for measuring the quality of a bondline is to use
waves that are guided along the bondline. The main attractive feature of this technique is
that in theory, a large bond area can be analysed in a single pulse. It would of course be quite
a difficult task to determine defect type and location from the raw data, but most practical
applications would only require a pass/fail criterion.
The waveguiding within a particular layer occurs since there is typically a very large
impedance mismatch at the adherent-adhesive boundary of the order of 80-90%. The main
portion of the ultrasonic energy within a particular layerwill then tend to remain within that
layer. Guiding a wave down the adherents may yield some measure of the interface
condition/s but sending the ultrasound through the adhesive layer itself should be far more
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sensitive to the adhesive properties. The problem with this method is that the adhesive is
highly attenuative to ultrasonic waves, cutting off frequencies above 2MHz very sharply.
Thus as the guided wave is attenuated the acoustic information needed to investigate
adhesive properties is lost.
Classically a surface bound non-dispersive Rayleigh wave arises in 'thick' samples
where the acoustic wavelength is much smaller than the samples thickness, as the wave
penetrates to a depth the order of magnitude of the wavelength. Rayleigh waves have been
used in adhesive bond analysis [23], usually by generating the wave on the blank adhesive-
side face of a lap-type joint. The problem here is that once the wave interacts with the
adhesive layer it is no longer really a Rayleigh wave. The presence of the adhesive strongly
attenuates frequencies above about 2MHz, and it is very difficult to observe differences
between different surface loadings.
Lamb wave type modes occur where the thickness of the sample is comparable in size
or less than the wavelength components present in the ultrasonic pulse. In the extreme limit
that the sample is much thinner than the ultrasonic wavelengths, there are two basic zero
order Lamb wave modes, antisymmetric and symmetric [24]. The symmetric mode is non-
dispersive and small in amplitude, while the anti-symmetric mode is highly dispersive and
large in amplitude. In general, there are many possible higher order Lamb wave modes
making the system complicated to analyse. The dispersion relations for Lamb waves in a
bonded structure are dependant on the combination of properties of all the individual
components present in the bonded structure [25,26]. Plate adherent thicknesses used in this
project were approximately 3mm and 5mm, so that wavelengths significantly larger than
this would be well within the Lamb wave criterion (frequency< 1MHz). A Lamb wave
analysis technique is better suited to adhesively bonded structure much thinner than those
used in this project.
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2.5 Ultrasonic transduction
Ultrasonic transduction simply refers to the conversion of some form of energy into
acoustic energy. With most transducers this is the conversion of electrical energy into
acoustic energy. For the reasons outlined in the preceding sections it was decided that the
most promising method to use would be to generate and detect ultrasound in a non-contact
regime. The majority of measurements taken this project were performed using
electromagnetic acoustic transducers, imparticularly the radially polarised shear wave
EMAT. Some measurements were also performed using lasers in both the generation and
detection of ultrasound.
2.5.1 Laser generation and detection
A pulsed Nd:YAG laser was used to generate broadband ultrasonic waves in a sample
of epoxy ingot. The generation mechanism used was in and energy regime between pure
thermoelastic and ablative [27]. The laser generates both longitudinal and shear waves
simultaneously, and the directivity and general source characterisation is now well
established. Ideally, the laser would be used to generate pure shear wave modes in the
thermoelastic regime, but the energy densities required are so low that the ultrasonic
amplitude is also very low. Thus the signal may need to be averaged in order to obtain a
satisfactory signal to noise ratio. Ensuring that the source does not change and the repetition
rate is fast enough to permit the averaging required within a scan is the limiting factor
governing the feasibility of such a technique.
A modified Michelson interferometer was used to detect the out-of-plane component
of the ultrasonic waves generated by the pulsed laser. This is a totally remote non-contact
detection mechanism with a bandwidth of roughly 80MHz. The obvious problem with using
this technique in adhesive bond analysis is that the set-up alignment is difficult to automate
and only the out-of-plane component is detected.
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2.5.2 Electromagnetic acoustic transducers (EMATsI
The basic mechanism of EMAT operation is the Lorentz force [28]. The requirement
is that charge carriers must somehow be induced to move in a static magnetic field, and in
doing so experience a force (Lorentz force) mutually perpendicular to the carrier velocity
and static magnetic field. The static field can be provided by an electromagnet, or a
permanent magnet. With recent advances in permanent magnet technology, field strengths
for reasonably sized magnets are approaching those available for small electromagnet
supplies. Permanent magnets also greatly simplify design, construction and transducer
practicality.
On an aluminium plate, the charge carrier current generation is achieved by pulsing
current through a coil near to the aluminium surface. The current generated in thesurface
skindepth of the aluminium is an image current. 1n the case othe radially poarisecI'EMAT,
the coil is a flat spiral 'pancake' type. The image current motion in the static magnetic field
(provided by a NdFeB magnet behind the coil), gives rise to a radial acceleration of the
electrons and thus of the atoms in the metal (see fig 2.4 ). This then generates the radially
polarised stress field. This process is discussed in more detail in chapter 3.
EMATs have been used by other workers in the analysis of adhesive bonds. Hutchins
et al [29] investigated the integrity of atitanium diffusion bond using a pulsed Nd:YAG laser
to generate the ultrasound and an EMAT to detect ultrasound. The laser generation was
performed in a thermoelastic regime, directed through the centre of a radially polarised
shear wave EMAT with a hole in its centre. The defect identified was a total disbond
between the two metal sheets. The EMAT used was operated in a narrowband regime, so
signals were temporally quite large (approximately 1Ois long resonant pulses). These
pulses would be much broader than those required in the analysis described in this thesis.
The system will also suffer from variation in laser pulse energy and will emit a large amount
of electromagnetic noise. If any averaging is required, the scanning speed of such a system
would be primarily limited by the repetition rate of the laser (typically less than 100Hz).
EMATs were also used by He eta! [30] to analyse adhesively bonded low carbon steel
plates. Both bulk and Lamb waves were used in the analysis. The systems used were not
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pulse echo systems - a separate generation and detection EMAT was required. The
generation EMAT was designed to be solely an efficient generator, and similarly for the
detection EMAT. The net result was that the whole system was quite resonant and the
EMAT pulses were typically over lOiis wide in the time domain.
2.6 Summary
This chapter has dealt with the basic theory needed for a background understanding
of the preceding chapters. Some of the techniques generally used in adhesive bond
investigation have been described and compared to that used in this project. This has
hopefully given the reader some insight as to why the particular techniques and analysis
methods used in this project were chosen in preference to the aterriatres available.
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chapter 3
Description of the EMAT systems and their characteristics
3.0 Introduction
EMAT systems employed in this project have a wide range of applications by virtue
of the fact that radially polarised shear waves are generated in a non-contact regime. The
analysis of adhesively bonded aluminium plates is a specific application where this type of
EMAT is ideally suited to investigate the integrity of the bond. In order to gain a deeper
understanding of both the transducer and supporting electronic circuitry, a range of
characterisation experiments have been performed, such as preamplifier response and the
EMAT electrical properties. The ultrasonic field generated by the EMAT has also been
investigated, and compared with the results from simple theoretical models.
3.1 The EMAT system
The basic principals of EMAT operation have already been explained. In this section,
results illustrating the properties of the specific EMAT systems used are described. This
study was necessary because before absolute measurements (such as ultrasonic displacement)
can be calculated, the response and characteristics of the system as a whole must be known.
In chapter 2 the construction of an EMAT was outlined. A more detailed cross-
sectional diagram is shown in fig 3.1. The magnetic field is provided by a cylindrical disc
shaped NdFeB permanent magnet (Magnetic Developments Ltd) of 7mm thickness and
25mm diameter. This is backed by a steel disc to decrease the demagnetising factor [1],
providing an increase in the normal component of the static magnetic field from 0.3T
(without the steel backing) to 0.35T (with the steel backing) at the surface of the magnet.
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The field drops from O.35T at the surface to O.25T at a distance 1.1mm away from the
surface. This distance is significant because it is equal to the thickness of the printed circuit
board (PCB) , onto which the coil is etched.
The three main EMAT systems used are the single coil send-receive, the double coil
send-receive and the through transmission setup of one EMAT generating and the other
EMAT receiving. Schematics for these 3 methods are shown in fig 3.2 , where the arrows
indicate the ultrasonic propagation directions for the shear waves that are detected by the
EMAT. Where the EMAT is discussed in the proceeding sections, it is the single spiral coil
etched onto PCB that is being referred to unless otherwise stated.
3.1.1 Basic properties of the EMAT
In terms of electronics the EMAT is basically an inductive component. There is of
course a resistive element (of approximately 2 ohms), and a small stray capacitance, which
can be measured. The generation of broadband ultrasound requires a sharp driving pulse
(i.e. broadband) of current through the EMAT coil. The amplitude of the shear waves
generated is proportional to the magnitude of the current pulse. Therefore looking at the
EMAT as a generator, it is desirable to have a low impedance for a fixed voltage drive, as
more current can be driven through the EMAT. At the same time as maintaining the low
impedance, the coil should induce image currents within the metal sample surface. A larger
image current gives rise to a larger stress amplitude. Thus, from one view point, the coil
should have a low number of turns to maintain low inductance, but a high number of turns
for generating the stress field. If the coil is also to be used as a detector, then the impedance
of the coil should preferably be high, as the induced signal is proportional to the number of
turns on the coil. As a result of these considerations the EMATs were constructed with these
compromising factors in mind. It should also be noted that the amplifier input impedance
should match that of the EMAT and both impedances should be close to 50 ohms for signal
transmission down standard coaxial cable.
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The EMAT and driving circuitry is shown schematically in fig 3.3. The EMAT is not
a tuned circuit for the main frequency present in the driving current puise: this is because
efficiency (electrical to acoustic energy) is sacrificed for the acoustic broad bandwidth. The
EMAT could be made into a more resonant circuit by the addition of a suitable capacitor
across the coil. The value of the capacitor depends on the inductance of the coil and should
be tuned to the main frequency present in the driving current pulse. The coil inductance in
turn is modified by the electromagnetic properties of the metal surface in which the
ultrasound is generated and also the standoff of the coil from this surface. The effect on
impedance and phase of adding a l000pf capacitor in parallel with the coil (against the metal
surface) can be seen in fig 3.4a, on aluminium and steel. The resonant frequency and width
of the resonant peak are quite different for the two different metals. The resonant frequency
for aluminium is approximately 8.5MHz, higher than the most dominant frequency present
in the drive pulse (6MHz), or the maxima in the preamplifier gain (5MHz). By adding a
2200pF capacitor in parallel with the EMAT coil, the EMAT was made more resonant, and
the waveforms for this experiment are shown in fig 3.4b. Note that the 'tuning' of the EMAT
yields larger amplitude signals. The disadvantage here is firstly that the electronic dead time
at the front of the waveform is much longer and larger in amplitude - the drive pulse
component picked up by the preamp was not being sufficiently damped. This is a problem
commonly associated with tuned amplifier circuits. Secondly, the actual width of the pulse
has increased, more than doubling. This is because the oscillations in the pulse are far from
critically damped, so it is a larger number of oscillations, rather than actual pulse
broadening.
The combination of inductance and capacitance in parallel (tuned EMAT) has a
resonant maximum impedance. The larger the impedance of the coil, the higher will be the
voltage signal is picked up by that coil, and from a fixed voltage drive source there will be
a larger proportion of voltage over that coil compared to other impedance sources present
in the circuit. The system is more complicated than may at first appear and needs to be
considered as a whole for both generation and detection.
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The impedance and phase variation with standoff for a single coil EMAT is shown
in fig 3.5 , where the measurements have been taken for a frequency of 5MHz. It should be
remembered that there is also an additional standoff not corrected for here due to the PCB
thickness (reducing the static magnetic field) and the EMAT face cover (reducing both
static and dynamic field).
The single EMAT coils were produced by etching a 16mm diameter spiral coil of 18
turns onto PCB. This was done to ensure reproducibility of the EMATs and durability of
the coil. A PCB track coil is more efficient than a wire coil of equal resistance and length
due to the tracks being much broader than they are thick on the PCB. At the frequencies
present in the ultrasonic pulse (approximately 1-10MHz), the skin depth in the current
carrying wire becomes an important consideration as ac current will only flow within the
skin depth. Thus a flat strip of conductor is more efficient ac conductor than a round thicker
wire of equal dc resistance, as the flat coil has a Jargersuiface area to volume ratio. The rear
of the PCB was left unetched to provide an electromagnetic field screen between the coil
and the magnet, reducing unwanted ultrasonic generation in the magnet as it is an electrical
conductor. For scanning samples in the lab, the coil faces were protected by a 100tm thin
layer of plastic sheet. If the EMATs were to be used in more hostile environments of for
example, high temperature, then materials such as a thin ceramic disc or mica have been
employed in protecting the EMAT face.
The double coil EMATs were produced by winding two coplanar, concentric coils,
on the copper free side of unetched single sided PCB. (Wire was used as the manufacture
of two concentric coils with connections on PCB was too problematic without using
specialist techniques and equipment). The inner coil has a radius of 5mm of 18 turns. The
outercoil has 11 turns and an innerradius of 5mm and anouterradius of 8mm. The particular
gauge of wire used (0.2mm diameter) proved to give good performance in both detection
and generation modes. The coils shared a common earth and were fixed onto unetched
single sided PCB. The coil was wound on the bare face of the PCB, with the copper plane
again on the rear face providing an electromagnetic shield between coils and magnet. Coils
were also wound directly onto thin copper foil (100tm thick), in an attempt to reduce
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standoff of the static magnetic field. It was found that this significantly reduced the EMAT
sensitivity, despite the fact that permanent magnet - coil separation was reduced. The reason
for this was that more energy from the drive pulse was lost in generating eddy currents in
the copper foil. The advantage of the double coil is that it can be used in conjunction with
most ultrasonic flaw detector units, if the signal from the detection coil is boosted by a pre-
amplifier.
3.1.2 Waveforms obtained using EMATs
Waveforms obtained in send-receive, through transmission and with the double coil
send-receive EMATs are shown in figs 3.6a, 3.6b and 3.6c respectively. All the waveforms
show 3 characteristic mode converted signals between the larger shear wave pulses. These
arise as initially, the EMAT generates a small longitudinal component along with the larger
shear component, and on subsequent echoes the ultrasound can mode convert at a free
surface(see section 2.4.2). The send-receive waveform has a much longer paralysis time
than through transmission at the front of the waveform since the same coil is used in
generation ( roughly 800V pulsed the across coil), and in detection ( roughly 1OtV across
the coil ). The double coil waveform also suffers from a paralysis of approximately a 2.5s
as detection and generation coils are in close proximity. The waveform was recorded with
and without a bandpass filter on the output of the preamplifier. The filter serves as to take
off the low frequency droop at the front of the waveform, but as can be seen makes the
system slightly more resonant. The through transmission waveform has a paralysis time of
less than O.2Siis, and typically much better signal to noise characteristics. This is however
the most impractical of the 3 techniques requiring access to both sides of the sample and
accurate central alignment.
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3.1.3 The EMAT as a velocity sensor
The EMAT operates via a Lorentz mechanism. At first glance, it may seem obvious
that the EMAT is avelocity sensor, but care is needed for a complete understanding. Authors
will generally talk about eddy currents generating ultrasound, and while this is not untrue,
it is inaccurate. An ultrasonic wave in a metal is the result of coherent displacements of the
atoms (or ions), in the metal. In the following argument, it is useful to think of a nearly free
electron model, where the electrical properties of the metal are due to the Fermi electrons,
and these interact with the lattice 'ions' via a Coulomb force.
The first point to note is that the velocity of the electrons responsible for 'current' is
the Fermi velocity _106 ms' . This is much faster than any ultrasonic velocity, and thus it
is not possible to ultrasonically induce a net uneven charge distribution (considering both
positive ions and electrons). Thus, both the electrons and the lattice 'ions' (or atoms) must
be considered in any argument pertai fling to the operation mechanism of an EMAT. Bearing
this mind, generation and detection are discussed separately, making suitable approximations
in the mathematical derivations. Both these processes can in theory be described in one
general argument, as they are in effect reciprocal processes. A more thorough derivation of
the general case would yield the same results, and this has been shown by Dobbs [2]. The
following arguments are specific to the EMATs used (operating on isotropic metals), but
can readily be adapted to other EMAT geometries.
3.1.3 a Generation - The process of generation of ultrasound using an EMAT must have
the end result of inducing a force on the positive ions (or atoms) in the metal, as 'ultrasound'
is the coherent motion of these ions. In generation, the coil is pulsed with a current spike.
Electrodynamic boundary conditions must be preserved (Maxwells equations), so as the
coil is close to the surface of the metal, a resultant image current is generated in the surface
of the metal. This current will be effectively contained within a range of electromagnetic
skin depths, as there is a range of frequencies present in the driving current pulse.
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The skin depth, ô is given by,
= 2
wc
where w is the angular frequency of the electromagnetic wave incident on the metal,
tis the relative permeability of the metal, and othe conductivity of the metal. For aluminium
=1 and o=4 x 1O Q 1 m 1 . The frequency of the electromagnetic radiation corresponds
to either the frequency of ultrasound incident at the surface in detection, or the frequency
of the driving current pulse through the EMAT coil in generation. As the EMATs used here
generate / detect broadband ultrasound, then there is a range of frequencies and thus skin
depths to consider.
In aluminium, for frequencies of 1MHz the skin depth and shearwave wavelength are
O.089!lm and 3.1mm respectively, and at 10MHz are 2rn teecc-e?'.
It can be seen that over the range of frequencies present within the ultrasonic pulse, the skin
depth is much less than the ultrasonic wavelength for that particular frequency ( <1% at
10MHz). Thus, the generation processes effectively take place on the surface of the metal
- it is not a buried source. This is also the case when pulsed lasers are used to generate
ultrasound in metals (via a similar skin depth argument) [3].
The image current in the metal is due to a spiral, or approximately circular electric
field line. The 'free' electrons and the metal cations experience the same force (assuming
there is one 'free' electron per atom), in opposite circular directions. Ions having much more
inertia however, are not accelerated as greatly as the electrons, resulting in the only
significant motion of charge (+ or-) being that of the electron eddy current. The ions do
however experience a torque, which will generate a weak torsional shear wave component.
The circular movement of the electrons does not change the net charge density within any
region, but this motion in a perpendicular magnetic field gives rise to a radial force on the
electrons. The radial force on the ions due to their relatively low velocity is negligible. The
electrons are therefore accelerated radially. It is this radial motion of the electrons that
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induces radial stress in the sample via a Coulomb interaction, as it is affected in such a way
as it attempts to change the net charge density.
Considering the annulus of current shown in fig 3.7a. The current density is the same
for any size of annulus over the area covered by the coil. As the Lorentz force on the
electrons accelerates the electrons radially (say outwards), then the electron charge density
decreases in the skin depth. If the initial radius of the annular element was r 0' prior to
pulsing the current, and at some time later the annulus has radius ' r1 then the drop in the free
electron density would be a factor of 'r/r 0' . This change in charge density sets up a radial
electric field and thus induces a radial force on the ions via a Coulomb force. The radial
displacement of the electrons is counteracted by the Coulomb force in the opposite direction
to the Lorentz force. The radial stress generated in this process generates a radially polarised
shear wave where the plane of vibtation is perpendicular to the direction of propagation as
shown in fig 3.7b.
The resulting ultrasonic field distributions for with the thermoelastic laser source - a
good means of generating shear waves has been calculated [10] using a Greens function.
The stress field generated by the EMAT, is not the same as would be generated by a finite
thermoelastic laser source. The net resultant force for a laser source of constant energy
density profile is a ring of force at the beam edge, while the EMAT induces a (roughly)
uniform radial force over the area covered by the coil. The calculation of a ring force in the
Greens function is a more straightforward calculation than the uniform EMAT induced
radial stress. The field generated by an EMAT spiral coil has been specifically calculated
by Kawashima [4] - avery involved mathematical derivation, and as such there is little point
in reproducing the formula here. It is worth noting that this detailed analysis did predict the
mode conversion for the shear wave mode to a longitudinal mode at normal incidence, as
seen experimentally.
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3.1.3 b) Detection - Consider the situation where a radially polarised shear wave has been
generated by some means, and it is to be detected using an EMAT. As the wave propagates,
there is a motion of the atoms in the lattice normal to the direction of propagation. The ions
or atoms, have much more momentum than the electrons. The displacement of the ions
causes changes in the local ion density. The Coulomb interaction 'drags' the electrons
along, so as to keep the net charge density in any region constant. Thus, the electrons can
cause a damping of the ultrasound, which is discussed in the general case by [6]. The
electrons are therefore moving in phase with the ions. When this motion occurs in a static
magnetic field parallel to the direction of shear wave propagation, both the electrons and
ions experience a torque of opposite polarity. The ions have much more inertia (due to mass
and interatomic forces) than the electrons, so that only the e1etrons give rise to a circular
eddy current. The motion of this current once again, can occur without any change in local
electron density, and is not impeded by a Coulomb interaction. It is this current that is
detected by the EMAT coil. The actual signal induced in the coil can be thought of as an
image current as described above in the generation process, or by considering the amount
of magnetic flux from the eddy current that cuts the coil, inducing an E.M.F. Both these
viewpoints are of course simply different approaches to exactly the same phenomena.
The mathematical proof that the EMAT is a velocity sensor has been demonstrated
by Kawashima [6], using Fourier analysis to integrate the cw single frequency components
into a broadband signal for a specific coil geometry. The same proof can be applied to a
general case if a simple approximation is made. Using the notation of Kawashima -
The displacement , S , of the ultrasound wave propagating in the direction of
increasing z is given by the standard equation,
S(t,z) = so e i(wt—kz)
	
3.1
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the displacement at the free surface of the metal 	 is,
—ikz	 ikz	 iwt
= So(e	 +e	 )e	 3.2
the current density at the surface J can be written,
J(z) = aB0	 3.3
J(z) = iOGSo(eZ+e)e0t	 34
as the current flows within the skin depth 6 for a particular frequency,
zô	 3.5
giving the condition below, where k is the wavenumber of the ultrasound wave,
kö<<1	 3.6
ikz	 —ikz
by expanding the exponential terms 	 (e	 + e	 )	 2	 3.7
yielding the equation,
J	 oiw x 2So(t,O)eUt	 3.8
and finally re-writing as :-
J	 a--(So(t,O))	 3.9
thus demonstrating that the EMAT is a velocity sensor. This result hinges on the fact that
the spatial extent of the observation window of the ultrasonic arrival (the skin depth), is
32
much smaller than the wavelength of the shear wave in the direction of propagation. The
measurement is effectively a point measurement on the waveform in velocity terms, rather
than a section of the waveform.
Now that the idea of the EMAT being a velocity sensor has been established, the shape
of the observed signals can be explained. Both amplifier and EMAT response need to be
considered. For the present argument amplifier response is neglected. The voltage induced
in the EMAT coil is the differential of the displacement at the metal surface. If a Gaussian
form for the inpiane displacement is assumed, the observed signal should be its differential,
as shown in fig 3.8. If the displacement and velocity signals are then Fourier transformed,
the ratio of these transforms is a linear relationship. This can be explained by considering
one frequency component of the displacement, of the form say Acos(wt) , for whIch the
differential or velocity component is therefore -Awsin(wt). In terms of the FF1 magnitude,
the velocity has the higher frequencies enhanced by the factor w.
3.1.4 EMAT - sample stand-off considerations
EMAT standoff characteristics have been studied by Maxfield et al [7] and Alers et
al [8], on both aluminium (which is non-magnetic) and ferromagnetic steel . The theory for
the standoff on steel is much more complicated than that on aluminium due to the magnetic
properties of steel. Experimental stand-off measurements were made using two transducers,
one fixed, the other free to move on epicentre on the other side of an aluminium sample. The
drop in amplitude with increased stand-off is exponential (see fig 3.9), as theory predicts
• If one transducer is used in send-receive, the stand-off decay follows that seen in the
through transmission experiment, except the decay factor is doubled (ie decay rates go from
ec goes to e2aX, where a is a constant and x distance). Thus, it can be seen that a small
change in standoff can greatly affect the signal amplitude. In a lab environment, the standoff
can be carefully controlled, the most easily implemented situation being 'zero', or rather
minimum standoff. This is the easiest consistent setup to maintain, while of course having
the advantage of maximising the signal. In a general 'on-site' situation however, the
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transducer - sample separation may not remain constant. Obviously, this can be accounted
for by monitoring the relative signal amplitudes in a waveform, rather than monitoring the
absolute amplitude of one particular ultrasonic pulse. An alternative approach would be to
measure the inductance of the EMAT and use it to normalise any acoustic amplitude
measurements. This requires calibration for the particular metal type and EMAT, but has
the advantage that it yields a measure of the standoff completely independent of the acoustic
measurements.
Another factor that will be influenced by standoff is the sensitivity variation across
the coil. Simple theoretical models were used to calculate the sensitivity and these are shown
in fig 3.lOa with their corresponding equations. The dynamic or pulsed magnetic field was
approximated by two adjacent 2-dimensional current strips with the current running anti-
parallel in each. The static field was modelled by the monopoe assumpüon anithe. ttv
obtained was numerically evaluated on a PC. Thus the. theocetical. variation in coil
sensitivity was derived and is also plotted fig 3.lOa. Specific dynamic and static field
theoretical characteristics are shown in figs 3.lOb and 3.lOc.
Fig 3.lOa indicates that increasing the standoff should have the effect of making a
point of the coil between the centre and the edge more sensitive than the centre or edges of
the coil. In absolute terms of course it will be less sensitive for increased stand-off, and the
coil will always have some degree of standoff via the protective face. Results obtained from
scanning small diameter fiat bottomed holes would seem to indicate that the predicted
sensitivity is observed (see chapter 4), but due to the complex nature of scattering from such
a geometry, the measurements presented are qualitative.
3.1.5 EMAT electrical impedance
EMAT signal amplitude will decrease with increased stand-off, as both the normal
static magnetic field and the dynamic field at the surface of the sample will decrease. There
is also the question of the electronic characteristics of the EMAT coil to consider. The
presence of a conducting body near to an inductive load will change the inductance of the
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coil - a metal detector operates on this principle. Thus, the frequency spectrum generated
by the EMAT, and the efficiency due to inductive changes must be considered. There will
always be some trade-off between signal amplitude and frequency content. In this project
the EMAT system has been designed for its broadband nature rather than the increased
ultrasonic sensitivity that would be obtained with resonant electrical signals. The reason
that the frequency content of an observed ultrasonic signal is dominated by a particular
frequency is due to the natural resonance of the current discharge circuit and the frequency
dependant gain of the preamplifier circuit. Thus, the ultrasonic signal is bound to have a
dominant frequency corresponding to the resonance of the drive circuit. As the impedance
is larger for higher frequencies, it is easier to drive the lower frequency pulses through the
coil and thus generate the lower ultrasonic frequencies.
The frequency dependent phase and impeda\ce o tk'e. ccii 'ete vxeasucec1 usiu an.
impedance meter. The EMAT impedance was found to vary approximately linearly from
0.5-20MHz (see fig 3.11). This first of all shows that the load is almost entirely inductive
(gradient of 2rrL) below 20MHz, which gives a corresponding coil inductance of about
1.1 tH for an isolated EMAT and 0.56tH against an aluminium plate. Calculating the stray
capacitance of the coil by fitting to the impedance and phase shift data would give a very
inaccurate value. Measuring the resonant frequency of the EMAT gives a value of
capacitance of 8.2pF +1- 2pF for both EMAT locations. Most of this stray capacitance when
connected to the driver/receiver circuitry is due to capacitive effects between adjacent coils
in the EMAT, but some will come from the capacitance of the coaxial cable that connects
the EMAT to the current driver. It has been observed that the length of coaxial cable used
can affect the amplitude of the ultrasonic signals.
The EMAT could be made much more efficient by driving it with a resonant tone
burst pulse, and this is how the earlier EMAT systems were driven. This can be best achieved
by the addition of an appropriate capacitor in parallel with the coil in the EMAT. This
maximises EMAT impedance forthe particular driving frequency used. Even by drivingthe
coil with the broadband pulse, significantsignal amplitude increases (and signal broadening)
can be obtained by tuning the EMAT to the dominant frequency present in the broadband
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pulse. Tuning effects could be employed in situations where the signal amplitude is more
critical than the broadband nature of the ultrasonic pulse, but this is not the case in the
analysis of adhesive bonds, where it is desirable to have sharp, broadband pulses in order
to resolve acoustically thin bondlines.
3.2 Ultrasonic field generated by the radiall y polarised EMAT
Measurement of the acoustic field produced by a shear wave EMAT is considerably
more difficult than measuring the field produced by a longitudinal source [4]. Ideally, the
transducer used to map out the field should be point like and measure the in plane shear
component only. In principal it would be possible to measure the out-of-plane component
associated with the shear wave arrival and work back to the shear wave field from the stress
free boundary condition at the surface. This would be a mathematically and computationally
involved procedure and is beyond the scope of this thesis, and probably its author. So, the
measurement was limited to the shear wave component. Suitable transducers for such an
experiment include the shear wave piezoelectric transducer and linearly polarised EMAT
or an appropriate interferometer [9] that detects in plane motion. An EMAT can be easily
apertured using metal foil, reducing the coil area and therefore signal, but increasing the
spatial resolution. A small shear wave piezoelectric transducer could be used but would
have a resonant bandwidth, and be subject to coupling considerations. Whichevertransducer
is used, the deconvolution for the transducer shape, size and frequency response would not
be trivial. A horizontally polarised EMAT was apertured {3mm coil length, 10 turns within
a coil width of lmm} and fixed to the surface, while the radially polarise EMAT was
scanned along a line across the centre of.the linearly polarised EMAT as shown in fig 3.12.
The amplitude of the observed signal was corrected using simple trigonometry to take
account of the fact that the ultrasonic field was circular while the measuring transducer was
a linearly polarised device.
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The absolute shear wave amplitude was not directly measurable using this method,
but this measurement is useful in showing (within experimental accuracy) that the EMAT
produces an effectively plane wavefront in terms of the acoustic arrival time (see fig 3.13a)
over the area covered by the coil. The discontinuity in the experimentally recorded arrival
time on crossing the centre of the radial EMAT field reflects the polarity change in the
observed ultrasonic signal: the ultrasonic displacement are in opposite directions either side
of the centre of the radial EMAT. The uniform arrival time across the wavefront ensures that
the peak-peak separations in the EMAT obtained waveforms are constant ( in non-disperive
media) This is illustrated in the waveform (in a 12.50mm thick isotropic aluminium disc)
of fig 3. 13b, where the peak-peak separation is constant. The shape of the pulse does change
however and this could be due to either dispersion in the aluminium or some geometrical
effect. A single crystal of aluminum was examined using an EMAT, generating in the (100)
plane. The waveform is shown in fig 3. 13c with the two pulses taken from extreme ends of
the waveform, which appear much closer in shape, suggesting that it is dispersion giving
rise to the differing pulse shapes of fig 3.13b.
From the measurements made on the EMAT acoustic field, the approximate ultrasonic
displacement has been estimated. Dobbs [2] gave an expression for the theoretical
displacement that could be generated by a pulse of current. In calculating the displacement,
Dobbs neglected the fact that the ultrasound would be generated by a finite size transducer,
subject to a time dependant current pulse. Once again, a thorough treatment would involve
finding solutions to Greens functions. Nevertheless, the theory demonstrates the factors that
influence the magnitude of displacement. The theoretical displacement field calculated as
described in section 3.2.2 is shown in fig 3.14.
The equation for the displacement is shown below,
	
= oBB0	1
	
VO)	 3.10
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where 13 is given by,
-
V -
	 )	 2	 3.11
In the above v is the ultrasonic wave velocity, w the angular frequency, p the density of the
metal, ô the electromagnetic skin depth of the metal B the magnitude of the dynamic
magnetic field at the sample surface and B 0 the magnitude of the static magnetic field at the
sample surface.
In calculating the displacement, Dobbs neglected the fact that the ultrasound would
be generated by a finite size transducer, subject to a time dependant current pulse. Once
again, a thorough treatment would involve finding solutions to the appropriate Greens
functions. Nevertheless, the theory demonstrates the factors that influence the magnitude
of displacement. The displacement obtained from the above equation using suitable values
corresponding to those used in the experiments here yields a value of ultrasonic displacement
of 4nm.
The values used here were,
1) a peak current through the coil of 20A, at a distance of 2OOtm from the sample giving
a peak dynamic magnetic field of O.02T (using Amperes law).
2) a static magnetic field of O.3T (measured using a Hall probe)
3) an electrical conductivity of 4 x i07 Q 1 m 1 , and skin depths of O.O9im at 1MHz and
O.03!-tm at 10MHz in aluminium.
3.2.1 Theoretical field and waveforms
The estimation of the ultrasonic field generated by a radially polarised EMAT
required the Greens function solution to time and spatial response of the EMAT. The turns
on the EMAT coil can be considered to be a number of concentric rings of force. A
thermoelastic laser source behaves as a single ring of force when the laser beam has uniform
intensity. The solution to the ultrasonic in-plane displacement generated by such a source
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was calculated by Bresse and Hutchins [10] with a Heaviside time dependance for the laser
pulse. The first approximation to obtaining the displacement solution for the EMAT is to
take a finite number of ring sources to describe the stress field generated by the EMAT. A
total of 8 ring sources were used, with radii increasing successively by 1mm from 1mm to
8mm. The waveform response within the bulk was then calculated as a function of radial
displacement at a distance of 4.8mm from the surface on which the generation occurs. The
experiment measured the dynamic response at a free surface 4.8mm normal distance from
the source (the blank adherent plate thickness).This measurement will slightly differ to that
in a bulk medium 4.8mm away from the source, which is what is really being calculated by
the theoretical approximation used.
The waveforms thus obtained were then differentiated once, to obtain the. response
from a delta function as oppose to a Heaviside step. This was then FFT'd and convolved with
a function that approximately described the frequency content of the ultrasonic pulse. The
convolved waveforms were then inverse FFT'd and then differentiated to yield velocity
signals. The waveforms show some spurious features, arising from the numerical calculation
and differential routines. The main pulse is clearly visible (see upper plot of fig 3.15) and
demonstrates that the arrival time of the pulse maximas are constant, which is consistent
with the experimental maxima arrival data in fig 3.13a. Experimentally measured and
theoretically estimated signal amplitudes are shown in the lower graph of fig 3.15. Theory
and experiment show reasonable agreement, but the most noticeable difference is the
extended 'tail' on the theoretically obtained plot. This could possibly be due to the fact that
the theory takes no account of the random background noise that is observed on the
experimentally obtained plot( at a level of about 0.5 units - 1/5 of the maximum amplitude).
3.3 Pre-amplifier response - gain and phase relations
It is necessary to cover the subject of pre-amplifler response in order to provide a more
complete investigation. Once the preamplifier and EMAT responses are known , the shape
of the detected signals can be calculated and explained. The phase and gain characteristics
of the amplifiers used are shown in figs 3.16. The first preamplifier type is that used in a
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through transmission geometry, while the second is that used in the send-receive system.
Both these pre-amps use the same low noise, wide bandwidth operation preamplifier chips,
but are configured differently, due to the different operating conditions. The graphs show
that the pre-amp used for the send-receive EMAT has the larger phase shifting response.
Taking a pulse obtained in plain aluminium plate, and correcting for the effects of
amplification, yields the pulse shown in fig 3.17. This shows directly how the signals
observed in through transmission and send receive would roughly correspond to a bipolar
velocity signal, and thus to Gaussian form for the displacement generated by the EMAT.
3.4 Si gnal modulation of EMATs waveforms
Waveforms on the send-receive system are subject to a modulation that deviates from
the expected exponential decay. In send-receive, this envelope is associated with the partial
preamplifier paralysis towards the beginning of the waveform, directly after the generating
pulse. The modulation is shown on a plain aluminium plate, identical to those used in the
bonded samples. Some of the modulation present in the waveform is due to energy loss
during mode conversion, coupled with the predicted exponential decay. Fitting later pulse
amplitudes in the waveform yields an exponential decay. This decay is different from the
pure decay due to propagating a finite distance due to the mode conversion contribution.
By inducing a continuous 5MHz wave into the 'free running' send-receive EMAT
and driver / amplification circuit, a more detailed modulation envelope can be measured.
As the bulk of the acoustic energy is around 5MHz, and amplifier responses do not have
large variations around this frequency, it is assumed that the modulation envelope for a
waveform is the same as that observed in the 5MHz cw case. The envelope is shown in fig
3.18, along with the relevant amplitude modulation.
Taking awaveform directly from the amplifier, then deconvolvingwith the modulation
function yields the waveform shown in the lower plot of fig 3.18. This appears to account
for some of the observed modulation, but is still not exponential. Some of the modulation
is probably due to the inhomogeneous nature of the plane wave front generated by the
EMAT.
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3.5 Summary
Any system that is to be used to obtain quantitative experimental measurements
requires a thorough understanding of its characteristic behaviour. The results presented in
this chapter indicate that the ultrasonic field generated by the EMAT is not plane-wave-like
over the area covered by the transducer. The field profile has been established, and the
observed velocity signal amplitude appears to correlate well with that obtained theoretically.
Correcting for the amplifiers response, and examining the EMAT signals would suggest
that the induced ultrasonic displacement is roughly Gaussian. It has also been demonstrated
how the EMAT bandwidth can be sacrificed for sensitivity simply by tuning the EMAT to
the dominant frequency present in the drive pulse.
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Chapter 4
EMAT operation on aluminium plates
4.0 Introduction
The simple theory for acoustic propagation presented in chapter 2 dealt with
propagation in isotropic media. In general a metal sample that has been worked is not an
isotropic system. It will usually have a degree of inhomogeneity and some type of
preferential grain alignment. An isotropic metal would have all the small single crystals (or
grains) within it randomly aligned, resu)tsing in its physical properties being independent
of direction within the material. In an anisotropic metal sample, grain alignment gives the
aggregate of the grains in the metal a particular symmetry. It arises because there exist
particular crystallographic directions in the single crystal where the planes can easily 'slide'
over each other and are thus termed easy slip directions. This effect will occur in most
aluminium alloys when rolled into sheet plate. The symmetry of the individual crystals are
cubic, but the worked (or preferentially aligned), rolled aluminium plate will have an
orthorhombic symmetry. This anisotropy is an important consideration in the propagation
of ultrasonic waves in the medium, and the present chapter describes some of the
experiments that have been performed on aluminium plates where the anisotropy has played
an important role. It should be pointed out that in the adhesively bonded aluminium plates
provided by DRA Farnborough had only an insignificantly small degree of anisotropy. All
the other aluminum plates encountered in this project possessed a significant degree of
anisotropy which would certainly complicate the analytical approach presented later if the
plates were constructed into an adhesive bond.
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4.1 EMAT operation on isotropic and anisotropic pol ycrystalline metals
So far the discussion has been limited to shear waves propagating in an isotropic
material. In most cases however materials will exhibit some degree of anisotropy. The
literature concerning the anisotropy considerations within adhesive bonds (such as those
investigated in this project), usually highlights the anisotropy of the thin oxide layer on the
aluminium adherent, and the anisotropy within the adhesive. The adhesive will often
contain a fabric carrier, with a hexagonal weave, and measurements have been reported,
demonstrating the existence of stress gradients within the bondline which manifest
themselves as some type of acoustic anisotropy or inhomogeneity. In many cases the
anisotropy of the aluminium plate is ignored. The degree of anisotropy in some aluminium
plate may be too small to effect the acoustic measurements, so that the assumption of an
isotropic media is valid, although in general, the anisotropy in rolled aluminium plate is
easily observable using EMATs as two distinct shear waves with different velocities.
Anisotropy in aluminium plates arises as a result of the working processes that have
been performed on the aluminium. The plate consists of an aggregate of metallic grains,
preferentially orientated in a specific direction. There will also be a concentration of
impurities at the grain boundaries and it is the combination of the mechanical history and
the composition of the aluminium that gives it its mechanical properties. If a radially
polarised shear wave is generated on the surface of such a plate then the resulting wave
propagating through the bulk cannot really be considered as a radially polarised SH wave.
This is because there will be waveguiding within the aluminium due to the propagation
velocity having a functional dependance on propagation direction and wave polarisation
[1,2,3]. On an anisotropic metal plate, the radially polarised shear wave EMAT will
generate a radial stress, which will result in a non-homogeneous radial strain. In the case
of an anisotropic aluminium plate, the vibrations associated with wave propagation will fall
into two orthogonal directions, along and perpendicular to the direction of grain alignment.
The propagation velocity will be different for each of these polarisation directions. This
effect is termed 'acoustic birefringence', and in some ways is analogous to optical
birefringence.
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Thus the observed EMAT waveform will consist of two orthogonally polarised shearwaves
of slightly different velocity. The difference in the shearvelocities in aluminium is typically
a few tenths of a percent, but this can vary significantly in different grades of plate from 1%
to <.01% . The birefringence is also affected by residual and applied stress. Separating the
effect of residual stress from texture is an experimentally difficult problem, requiring very
accurate measurements of shear and longitudinal wave velocities simultaneously.
Previous workers have also used EMATs to monitor stress within a metal sample
[4,5], but these tend to be narrowband devices requiring analysis of the phase of the
observed signals. The general principle of using acoustic birefringence to measure stresses
within a slightly anisotropic medium has been examined by many workers [6 - 14].
4.2 Theory of acoustic birefrin gence of grain aggregates
A polycrystalline aggregate can be ascribed to a macroscopic symmetry as far as
ultrasonic properties are concerned. In general, the physical properties of an aggregate will
depend on the aeolotropy of the basic unit cell of the pre-deformed material, coupled with
the distribution of the alignment of individual grains. In the case of rolled aluminium plate,
the symmetry function that describes grain alignment dominates the overall physical
properties of the aggregate, rather than the cubic crystallographic symmetry of individual
grains. Experimental techniques can yield the effective elastic moduli of the media. An
outline of the mathematical method used by Roe [2], in describing such a system is
presented below.
The notation used in the Euler co-ordinate system (angles r, p, 4)), will be adapted
to relate the axes of the crystallite to the axes of the polycrystalline sample.
Roe set up a crystalline orientation distribution (COD) function, W ( E, i, ) such that
the number of crystallites oriented between angles E ^ ÔE , ii.' + ölj) , and 4 ^ ö , is
given by,
W(E,ip,4))dEthpd4)	 4.1
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From the above calculations Roe obtained the crystalline orientation distribution
(COD) functions. In rolled aluminium plate the effective symmetry is orthorhombic. The
elastic constant tensor for the 'orthorhombic' aggregate is given by,
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Taking the COD functions in a stress free aggregate [3] , the effects of residual stress
and texture can be separated if the elastic constants could be measured as a function of
applied stress. This is equivalent to measuring the two shear velocities and the longitudinal
velocity simultaneously as stated earlier. Thus for cubic crystallites in an orthorhombic
symmetry the longitudinal velocity VL and the two shear wave velocities VT1 and VT2
are given by,
PVL = c11 - 2c 1 ! - 16t2VwJ
I_ 5	 35
45
4.5
Ii	 162\/(w1[w)]	
4.6PVTI	 C44 - CI--
L 
5	 35
Ii	 16t2'JpV = c44 - ci - - _____
[5	 35	
(w40o^w42o)]	 4.7
where cij are the elastic constants of the cubic crystallite and,
c = c11 - c12 - 2c44	 4.8
the sum of the velocities can be written as a function of the elastic constants only,
independent of texture by -
pV + pV. 1 + pV. = Cii + 2c44	 4.9
thus, by measuring the velocity of the two shear wave polarisations and the longitudinal
velocity simultaneously, the effects of residual stress can be separated from applied stress
6].
The anisotropy giving rise to a difference in the shear velocities in aluminum plates
is a very small effect, and requires sharp ultrasonic pulses to be observed directly. The
birefringence can also be measured by an ultrasonic interferometry technique by examining
beats of resonant toneburst shear waves. In adhesively bonded samples, the main cause for
concern is whether the birefringence will invalidate orjust confuse the measurements of the
physical properties of the bond. The splitting of the shear waves could possibly cause
problems in the analysis. The observed effect would be that of superimposing two echo
trains with isotropic adherents of slightly different adherent thicknesses. The aluminium
plates used in the bonded samples specifically constructed for this project were found to be
very weakly birefringent, with differences in the two shearvelocities of approximately less
than 0.1 %. For such a small anisotropic effect, this particular grade of aluminium plate can
46
be considered isotropic as far as the shear wave is concerned and thus the analysis is
considerably simplified. However, birefringence is in general an important consideration
where aluminium plates are to be adhesively bonded.
4.3 Modulation of birefrin gent waveforms
An interesting feature of the shear waveforms obtained in birefringent samples is the
modulation that may arise. As the two pulses progressively separate with increasing time,
they interfere and the resulting echo train of the combined pulses does not display the
classical exponential decay. The resulting maxima-minima modulation is shown in fig 4.1,
neglecting the normal contribution that would lead to exponential decay. This was
calculated by progressively shifting two identical pulses and adding them together, while
monitoring the resulting interference amplitude.
4.4 Variation in acoustic birefringence in aluminium plate with applied stress
Although bireferingence effects are negligible in the adhesively bonded samples used
in this project, in general this may not be so. In order to assess the EMAT performance
birefringent plate and compare the technique to existing methods it was decided that some
experiments would be perfromed on such plates. These experiments involved scanning flat
bottomed holes in different plates, and studying the effects of applying tensile stress to the
bireferingence in such a plate.
The aerospace alloy (BL156) used in the DRA adhesive bonds has been the only
aluminium plate encountered in this proj ect which could be confidently treated as isotropic.
Most aluminium plate will in fact be significantly birefringent. The bi refringence experiments
presented here performed on aluminium plate have been carried out on 13mm thick rolled
aluminium plate. There is extensive literature [4-14] on the birefringence of aluminium
plates and the basic ideas behind the experiments described below are only original when
taken in the context of the EMATs used.
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The birefringence of aluminium plate depends on texture, residual stress and applied
stress. Pao et al [15], present a review of the subject and a derivation of the following
approximate empirical equation for the birefringent shear wave 'splitting' with applied
stress.
VT1 and VT2 are the stress dependant shear wave velocities, and V 1 and V2
 are
the two shear wave velocities at zero applied stress.
/ 1 	 Ii	 1	
2
-	 = ( V -	
+ m( t + t) + m2( t - t) cos2O]
+ [m3(t+t)sin2O ]2
4.10
where are principal stresses in two orthogonal directions 1 and 2, at an angle
0 to an axes of symmetry,and the constants ml,m2 and m can only be determined empirically.
In the experiment here, the stress was applied both parallel and perpendicular to the rolling
direction axis which was an axis of symmetry. As tensile stress was applied along one
specific direction it can be taken that one of the stresses is zero. Taking t = 0 to be zero,
and rewriting the above expression yields,
fl	 12	 (1	 1\	
2
-) = { v-v) + 
m 1 (t) + m2(tD]
	
4.11
or in terms of the arrival times, tTl and t,
(tTl -t) = [A + B.S ]
	
4.12
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where S is the applied tensile stress, and A and B are constants which dependant on texture
and residual stress and must be determined empirically. This assumption of a linear
dependance of birefringence on applied stress prediction concurs with the results obtained
experimentally.
The exact values of A and B are specific to working, composition and internal
structure, and can therefore only be determined empirically. This type of experiment has
been performed by other workers, yielding similar results, but normally being performed
in a contact regime. Experiments performed using shear contact transducers will use
polarised transducers. If this is the case, then it is only the actual time domain measurements
that can be described with confidence. The relative amplitudes and decay rates of the shear
waves may be influenced by transducer alignment and the presence of acoustic couplant.
The decay of each of the two distinct SH waves is shown in fig 4.2, for shear pulses outside
the region where the two polarsiations will interfere. The results clearly show that the decay
rates for each shear wave polarsation are identical. Thus the difference in amplitude of the
different polarisation pulses must occur at the initial generation of the shear waves.
Simple acoustic theory indicates that one factor affecting bulk wave velocity is
interatomic separation. If a tensile test sample is stressed in tension then the interatomic
separation increases in the direction of applied stress. Orthogonal to the applied tensile
stress, a compressive stress develops, and the interatomic separation in this direction
decreases - this effect manifests itself as Poisson's ratio. In tensile stress, the propagation
velocity of the shear wave with its polarisation in the direction of the stress increases. The
observed splitting in the shear waves can thus increase, or decrease depending in which
direction the tensile stress is applied.
The data recorded was the observed splitting of the 12th ultrasonic echo within the
aluminium plate sample, as shown in fig 4.3. This was done to increase the temporal
resolution of the measurement. The temporal separation between succesive echo peaks for
an EMAT generated/detected shear wave of a particular polarisation is constant across the
entire wavetrain. This indicates that any divergence of the ultrasonic field generated by the
EMAT will not corrupt the time splitting measurement of the 12th peak. Tensile stress was
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applied to the sample using anlnstron tensile test machine, capable of an applied tensile load
of up to 5000 kg. Samples were prepared and analysed as shown in fig 4.4. One sample was
cut so that its long axis was in the direction of the rolling marks on the aluminium surface,
and the other perpendicular to the rolling marks. The results for the time splitting of the two
orthogonally polarised shear wave pulses, associated with the 12th echo as a function of
applied stress are shown in figs 4.5. As the absolute arrival time of these pulses was also
recorded then a velocity variation with applied tensile stress could be calculated, and these
results are shown in fig 4.6. Note that due to the inaccuracy of the thickness measurement
of the sample, there is an uncertainty in the absolute value of calculated velocity of 2%,
while the difference between the two calculated velocites for each polarsiation is less than
1%.
The change in transit thickness with applied stress, and thus transit time due to the
Poissons ratio effect is of second order (<1 % compared to the change th trans)t t)me
brought about by a stress dependant velocity. Thus the change in thickness could have been
ignored, but here it was accounted for in the calculations.
4.5 Comparison of sin gle crystal and textured polycrystalline aluminium
As explained in the preceding sections, the elastic constants of the aggregate of grains
is determined by both the elastic constants of the single crystal and the orientation of the
grains within the polycrystalline sample. The velocities measured in the plate correspond
to shear waves polarised in the (100) and the (010) directions. The symmetry of the
aggregate is orthorhombic so that the velocities for these polarisations are different,
whereas for a cubic system they would be the same. The energy of the shear wave is guided
into the (100) and (010) polarisations, as a result of the shape of the slowness surface in both
the orthorhombic and cubic symmetry. Thus, the birefringence observed in the aluminium
plate is the difference between the (100) and (010) polarisations. It should not be attributed
to the much larger difference between the (100) and (110) directions.
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Waveforms were obtained in a single crystal of aluminium using a radially polarised
SR EMAT, and are shown in fig 4.7 . The crystal was cylindrical in shape with a (100) axis
along the length of the cylinder. The upper waveform in fig 4.7a is for propagation in the
(100) direction, such that the polarisations are along the (010) and (001) directions which
have equal velocities and thus only one pulse is observed. The lower waveform is
propagation along a (110) direction. The large shear wave pulse has polarisation in the (010)
direction and thus has the same velocity as that observed in the preceding waveform.This
is 3236 m/s +1- 0.1%, which is 0.4% less than the value at room temperature of 3248 m/
s ( C44 I p), obtained from tables in Musgrave [1]. The next principal feature occuring at
25.79 ps corresponds to a shear wave propagating in the (110) direction with polarisation
in a(011) polarisation. This shear wave has a measured velocity of 2930 ms +1-0.1%, once
again 0.6% less than the value obtained from tables [1] of 2947m/s from the relationship
((C1 1 -C12) / 2p). These waveforms were taken from the curved side of the single crystal
cylinder. The shear wave velocity for polarisation in the (100) direction taken via
propagation down the cylinder was measured to be 3244 m/s +1- 0.1% (see fig 6.10) , only
0.1% difference to the values taken from the literature. Thus it is proposed that the
consistently lower values of velocity obtained via propagation across the cylinder diameter
is due to some sort of geometrical effect of propagating the ultrasound through the long axis
of the cylinder, or some slight offset in the calculated trigger point where time=0is.
4.6 C-scan detection of flat bottomed holes in aluminium plate
In orderto assess the EMAT performance on birefringent plate, an aluminium sample
13.4mm thick, was prepared from the same batch as the samples used in the tensile stress
measurements. The plates measured 150mm X 150mm, and had a range of flat bottomed
holes milled into them of varying diameter, but all to a depth of 2.75mm ,as shown in fig
4.8. The edges of the square plate were parallel and orthogonal to the rolling marks visible
on the surface. The plate was then scanned taking a square grid of points, the axes of which
were along and orthogonal to the rolling direction. Reflection intensity c-scans for this
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sample are shown in fig 4.9a and fig 4.9b. This was done by ensuringthat the ultrasonic pulse
from the full plate thickness (echo corresponding to a transit of 2 X 13.4mm) was outside
the time observation window. The directions of symmetry in the reflection intensity pattern
correspond to the direction of rolling and at right angles to the rolling direction.
The experiment was repeated for a square plate having edges at 450 to the rolling
direction, and thus the square grid of data points had its axes at 450 to the rolling direction.
As can be seen, the intensity pattern produced by the c-scan is the same as that previously
obtained except rotated by 450 (see fig 4.10).
It was established in fig 4.1 that the attenuation factors for each shear wave
polarisation were nominally identical, while the absolute values of amplitude were
significantly different. Electromagnetic differences due to the anisotropy of the sample
would be expected to slightly affect the amount of energy, but this should be a second order
effect compared to the acoustic anisotropy. Thus, the difference th abso)ute vahies of sgna
amplitude were mainly due to acoustic beamsteering. The shape of the c-scan patterns
themselves are very complicated. There has been much work on modellingthe acoustic field
scatter from such flat bottomed holes [16], but a thorough examination would require the
scatter theory convolved with the field produced by the EMAT (and of course the size of
the active area of the EMAT) in an anisotropic medium.
For comparison, a hole of diameter 20mm and depth 2.75mm was milled in a plate
cut from thick extruded aluminium rod transverse to the long axis of the bar. This hole was
exactly the same dimentionally as that in the rolled aluminium plate. In the centre of such
a plate the structure should be effectively isotropic for an SH wave propagating along the
direction of extrusion. The c-scan for the 'isotropic' flat bottomed hole is shown in fig 4.11.
The sizes of the defects appear roughly the same, but the effects of radially polarised EMAT
scanning on anisotropic plate has been demonstrated.
The smallest hole detectable was 2mm in diameter. The smaller hole scans still
produced the characteristic two fold symmetry patterns, but the maxima of these patterns
were distinctly off centre, located approximately 2mm from the centre of the pattern.
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Examining the amplitude field generated by the EMAT showed the largest ultrasonic
amplitude was at a distance of 2mm from the centre of the coil through a thickness of 5mm
of aluminium plate.
4.7 Summary
The radially polarised EMAT is a useful tool in investigating the macrostructure of
metal plates, in particularly aluminium. The anisotropy in aluminium plate is typically a
relatively small effect ( as compared to steel), and it is because the shear wave pulses have
high temporal resolution that the birefringence measurements are clearly observable. The
birefringence effect could complicate the analysis of adhesively bonded aluminium plate
and give confusing results if this phenomena is neglected.
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Calculated shear pulse minimum-maximum signal amplitude modulation
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Fig 4.2
Amplitude decay of the two horizontally polarised shear wave polarisations
observed using the radially polarised EMAT on a birefringent aluminium
sample.
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EMAT through transmission waveform obtained on a birefringent
aluminium sample.
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Peak splitting of 12th peak with tensile stress applied along rolling
direction.
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Fig 4.5b
Peak splitting of 12th peak with tensile stress applied orthogonal to the
rolling direction.
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Velocity dependence on applied tensile stress for tensile stress applied
along the rolling direction in an aluminium sample for the two shear wave
polarisations.
Fig4.6b
Velocity dependence on applied tensile stress for tensile stress applied
orthogonal to the rolling direction in an aluminium sample for the two shear
wave polarisations.
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EMAT generated raidally polarised shear waveforms in two different
crystallographic directions in a single crystal of aluminium.
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Fig 4.8
Topological and cross sectional view of the range of flat bottomed
holes milled into a 13mm thick aluminium plate.
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Fig 4.9a
C-scans of a birefringent aluminium plate using an EMAT send-receive
system The scanning grid axes were parailel and perpendicular to the rolling
direction. The plate thickness was 13.5mm and the flat bottomed holes were
3mm deep into the plate.
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Fig 4.9b
C-scans of a birefringent aluminium plate using an EMAT send-receive
system. The scanning grid axes were parallel and perpendicular to the rolling
direction. The plate thickness was 13.5mm and the flat bottomed holes were
3mm deep into the plate.
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C-scans of flat bottomed holes with the scanning grid axes parallel at
orthogonal to the rolling direction (A) , and at 450 to the rolling direction (B) .The
plate thickness was 13.5mm and the flat bottomed holes were 3mm deep into
the plate.
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Fig 4.11
C-scans of a transversely isotropic aluminium plate using an EMAT send-
receive system. The sample was a cross sectional cut from an extruded
aluminium bar of diameter 150mm. The hole was 20mm in diamteter and 3mm
in depth into a plate 13.5 mm thick.
Chapter 5
Adhesive bond analysis experiments
5.0. Introduction
In this chapter the basic experimental procedure and results obtained from
ultrasonically scanning the adhesive bonds will be discussed. The first part of this section
deals with the details of the bond and its isolated components. The relative merits of the
through transmission and send receive measurements are explored, and results obtained
from these two techniques are explained. Finally, some specific C-scan type results are
presented, with an explanation of the ultrasonic measurements resulting from such scans.
5.1 Description of adhesive bonds examined
5.1.1 Geometry of the bonds
One of the most simple types ofjoint both to construct and test is a lap joint. This bond
was chosen because it is commonly used in both experimental studies and the simplest
applications of adhesive bonds. The samples were constructed in the form of a 150mm X
150mm sandwich joint where the bonded area completely covers the adherents, strictly
speaking not a true lap joint. It essentially consists of a three layered system: adherent -
adhesive -adherent. Most simple theoretical models assume that the adhesive layer is
completely homogeneous, having little or no thickness variation, and most experimental
samples are constructed with this aim. Aerospace adhesive bonds can have large variations
in adhesive thickness, typically up to 50% acr.ss a joint. The bonded samples used in
investigating the technique described here were constructed as shown in fig 5.1 (see
Appendix B for description of bond technique). The epoxy adhesive used in the bonds was
Redux 312 (Cieba - Giegy), used both with and without a fabric carrier in different samples.
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The purpose of the carrier is to prevent excessive adhesive flow and maintain a fairly
uniform thickness, typically about 100tm. The aluminium adherents used were 3.3mm and
4.8mm in thickness. The reason for using different adherent thicknesses is that in ultrasonic
through transmission measurements the first echoes containing information about the
individual interfaces are separated in the time domain. Some samples contained deliberately
manufactured defects, nominally 40mm X 40mm square, positioned in the central area of
the bond on the surface of the 3mm plate at the adherent-adhesive interface.
5.1.2 Different bond and sample types investigated
A number of different sample types were constructed using the basic bond geometry
as described above, containing adhesives with and without the carrier. This was done in
order to ascertain whether the carrier had any significant effect on the acoustic properties
of the adhesive bond, as the addition of carrier greatly complicates the macro and
microstructure features of the adhesive layer. The carrier was a flat fabric of hexagonal
structure. The width of the hexagons were about 0.5mm, which was comparable to the range
of the ultrasonicwavelengths present in the broadband ultrasound generated by the EMATs.
Thus the presence of carrier could potentially have altered the dispersive and attenuative
properties of the adhesive, while also introducing a strong anisotropy to the adhesive layer.
The presence of carrierwas found not to observably affect the ultrasonic signals, as discused
later in section 5.3.2.
In addition to the nominally 'perfect' bonds, a range of bonds containing deliberately
manufactured defects were prepared. The aim of this exercise was to simulate the physical
properties of realistic defect types encountered in bonded aerospace samples. Defect
manufacture tends by its very nature to be an imprecise science, and destructive tests must
still be employed in examining the exact mechanical conditions that exist within the bond.
A table of sample types is shown in table 5.1. The table gives a brief description of
the type of intended sample construction with details of the actual defect revealed by
subsequent destructive tests. The size and shape of the adhesively bonded 'DRA' samples
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and the location of the defect region is shown in fig 5.2a. The location of the areas of the
samples that were slowly milled out to produce strips for tensile testing is also shown in fig
5.2a, with the layout of the results presented in table 5.1. The tensile strips machined from
the bonded samples were tested as shown in fig 5.2b, where the aim is to attempt a shear type
test on the joint which ultimately fails in a peel type mode.
5.2 Characteristics of isolated bond components
5.2.1 Aluminium plates
An aerospace grade aluminium (BL 156) plates were used for all bonded samples.
Prior to adhesion the plates were prepared as described in the appendix. This treatment gives
improved protection against environmental attack, by making very thin, porous layers on
the aluminium surfaces as shown in fig 5.1. The layers are so thin (total thickness approx
1tm) that there was no observable effect (other than perhaps degree of adhesion) on the
ultrasonic properties as investigated using the EMAT systems. The layers were spatially
much smaller than even the shortest wavelength component present in the EMAT shear
wave pulse. If this layer was to be seen as a gradation in the ultrasonic properties, the
frequencies required would be of the order of GHz. In the experiments reported here, the
frequency ranges dealt with were well within the limit where the adherent-adhesive
interface should behave as a sharp boundary between the aluminium and epoxy. It has been
shown [1] that the presence of these layers can effect the mechanical (and thus possibly
acoustic) properties of the bonded structure as a whole. During construction of the bond the
plates may undergo flexural deformation and thus experience changes of stress within the
plate, and other stress effects brought about by shrinkage of the adhesive during cure.
Waveforms obtained using an EMAT-EMAT through transmission (Ti') geometry,
an EMAT send-receive (SR) geometry and a hybrid laser generation / EMAT detection
system are shown in fig 5.3 The EMAT waveforms show the characteristic intermediate
peaks due to mode conversions. At longer arrival times the waveform also shows very weak
56
acoustic birefringence. Acoustic birefringence (chapter 4)is another possible source of
complication arising in waveform analysis, but the plates were thin enough and sufficiently
isotropic, so that birefringence is not a problem with these particular bonded samples. The
modulation of the EMAT waveforms (see chapter 3) requires consideration, even where the
faces of the aluminium plate are nominally parallel: we are again dealing with modulation
due to the intrinsic properties of the EMAT system.
Billson et al [2] used a similar type of laser-EMAT system and employed shear and
longitudinal EMATs to detect the ultrasound, and as in this case the ultrasound was
generated by a pulsed Nd:YAG laser. The EMAT was constructed to detect in-plane
motion. In general the laser source [3] will generate both longitudinal and shear waves
which will be detected by the shear wave EMAT. The EMAT will detect both modes due
to the laser source directivity, the tangential components of the EMAT magnetic uie}d and
because the longitudinal displacement will have an in-plane component at the surface. Note
that the waveform consists of longitudinal and shear waves and longitudinal-shear/shear-
longitudinal wave mode conversions. The waveform obtained from the hybrid system is far
more complicated than that from the EMAT system and is consequently difficult to analyse
in bonded structures. However, the hybrid system is useful for straightforward thickness
gauging, especially where the EMAT generated signals are small duefor example, to poor
electrical conductivity.
5.2.2 Epoxy adhesive
Epoxy samples were supplied in three different forms; an isolated ingot of cured
adhesive, an adhesive layer adhered to an aluminium plate and adhesive within a bonded
sandwich. Each of the three cases had the epoxy component under very different physical
conditions. A stress gradient would arise at the epoxy at the adherent-adhesive interface
during cure, and this effect has been investigated by [4]. The effect of curing an adhesive
either adhered to one plate or (to a greater extent) between two plates could possibly give
the adhesive very different mechanical and acoustic properties due to the different stress
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conditions and different internal structure. By consideration of the acoustic properties of
these three cases it may be possible to determine the dominant physical properties that
distinguish a free cured epoxy from its behaviour in a bonded structure. However, in all
three cases the experiments showed no measurable difference in velocity, or impedance
mismatch at the epoxy-aluminium boundary for the bond or single plate with epoxy. The
experimental setups and waveforms from these experiments are shown in figs 5.4 and
fig 5.5.
As the EMATs cannot directly generate shear waves in the epoxy ingot, ultrasound
was generated using a pulsed Nd:YAG laser in a mildly ablative regime, at an energy of
approximately 6OmJ with a beam diameter of 5mm. The laser generated ultrasound was
detected using a stabilised Michelson interferometer as described by Scruby (i?, arid
sufficient reflectivity from the sample surface was achIevedby sputtenng aumnium Dm0
the surface of the epoxy. The interferometer detects out of plane motion relati'e to the
sample surface corresponding to a longitudinal displacement. Shear waves can also be
detected by the interferometer as they have an out of plane component at the sample surface.
Using this laser generation/detection technique yields measurements that correspond to the
longitudinal and shear wave arrivals (see fig 5.5). Note the longitudinal echo is broader than
the preceeding longitudinal arrival, reflecting the viscoelastic properties of the epoxy.
The samples of single aluminium plate with a layer of cured epoxy, and the
aluminium plate adhesive bonds were tested using EMATs. Fig 5.4 show the pulse reflected
from the aluminium epoxy interface proceeded by the signal from the epoxy-air boundary.
This echo is significantly different to the corresponding 'bondline echo' in the adhesively
bonded sandwich, as the boundary conditions for epoxy-air are different to that for epoxy-
aluminium. The most obvious difference is the pulse inversion in the adhesively bonded
plates sample as discussed in chapter 2. As there is a much larger impedance mismatch in
going from epoxy-air than from epoxy-aluminium, the adhesive echo in the single
plate+epoxy sample is larger in amplitude than the bondline echo in the adhesively bonded
sandwich.
58
5.3 Experimental proceedure
5.3.1 Basic setup
In scanning the bonded samples two basic test geometries were employed, these being
a through transmission (TI') and a send-receive (SR) technique. The TI' technique required
2 radially polarised shear wave EMATs on opposite sides of the sample on epicentre as
shown in fig 5.6. The SR technique (a c-scan method) employed the use of a single EMAT,
having either a single or a double coil
The EMATs were held stationary during a scan, while the sample was moved using
an XY table. The transducers were in physical contact with (but not acoustically coupled
to) the surface of the plate, to increase signal amplitude by minimising stand-off, and to
reduce the radiated electrical noise picked up by the EMAT. The data was taken by
positioning the plate, then recording features from the averaged waveform. The waveform
itselfwas not recorded as this would make the process more time consuming and requires
much more PC memory. A schematic of the experimental setup is shown in fig 5.7 . By using
this method a square grid of points was taken with the relevant experimental values
attributed to each point on this grid (amplitude or pulse time separation).
5.3.2 Ultrasonic si gnals within adhesive bonds
With any acoustic technique the ultrasonic waves must in some way propagate
through or within the adhesive layer if the physical properties of the interfaces or the
adhesive bulk are to be determined. The adhesive layer within a bond has very different
mechanical and acoustic properties to the aluminium adherents. The aluminium is effectively
a linear isotropic, homogeneous medium (neglecting anisotropy in this case for reasons
outlined earlier), while the epoxy layer is a much less dense viscoelastic medium, with much
slower longitudinal and shear wave velocities. This leads to a significant impedance
mismatch at the adherent-adhesive boundary, resulting in any SH wave travelling in the
adhesive layer having a relatively small amplitude. Therefore the most obvious problem in
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investigating possible physical differences at an interface is the fact that the effects will be
small changes on an initially small signal. This is further complicated by the presence of
other ultrasonic arrivals due to mode conversions and other internal reflections within the
layered structure.
The first and most important step was to establish was whether the presence of the
fabric carrier was detectable. Two bonded samples of similar thickness were chosen, one
with carrier and the other without. An area was found on each where the adhesive
thicknesses were identical to within experimental error. Waveforms from these two cases
were then captured in the more sensitive through transmission method (see fig 5.8), and
found to be nominally identical. This implies that the carrier has no significant impedance
mismatch with the epoxy, and that the presence of the carrier does not measurably affect the
acoustic properties of the adhesive layer.
5.3.3 The ultrasonic measurement employed
The two fundamental properties of an adhesive bond are the cohesive properties of
the adhesive and the adhesion between adherent and adhesive. The cohesion is a measure
of the strength of the adhesive, while the adhesion is a measure of the strength of joint
between the adhesive layer and aluminium adherent. Cohesion can be measured by
examining the ultrasonic dispersive and attenuative nature of the adhesive, while the
adhesion can be measured via relative differences in pulse amplitude measurements
brought about by an impedance mismatch. Both these areas have been studied using
ultrasonics [6], but the main problem still lies in examining subtle variations in adhesion.
In a sense, the analysis here has ignored any variation in solely the cohesion or soley the
adhesion. The adhesion should only effect the impedance mismatch and thus amplitudes of
the ultrasonic pulses. The reflection from an elastic-viscoelastic medium interface will in
general be frequency dependant, but over the range of frequencies used here, such effects
were unobservable in the samples investigated. As the measurements taken during a scan
were pulse amplitude and echo separation, then the measurements are strictly speaking an
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indication of both cohesive and adhesive properties. In most real cases it is impossible to
separate the effects of adhesion and cohesion, as where one property varies, the other is also
likely to change. The mechanical properties and thickness of the adhesive will effect how
different ultrasonic frequencies propagate through the adhesive. The thickness measurement
of the adhesive layer was made via an echo separation in the time domain. This in itself
depends on the velocity in the adhesive, and so on the cohesive nature of the bond.
The amplitude and 'thickness' measurements were made as shown in fig 5.9 for IT
and SR. The 'thickness' measurement shown obviously correspond to twice the ultrasonic
pulse transit time across the adhesive layer. Some authors suggest that this type of
measurement may be flawed [7] as it is affected by the phase velocity within the adhesive
(as dispersion could change the pulse shape) and have suggested a technique that measures
the area under a broadband monopolar pulse and takes the half area position as the arrival
time of the ultrasonic pulse. The bipolar (and non-symmetric) pulses generated by the
EMAT were so sharp, and the adhesive so thin that there was little point in trying to locate
the central area of the pulse, as the error in the peak measurement (+1- iOns) is larger than
any shift in position from max to half the area position. Also, the magnitude FFT is
dominated by a particular frequency, so the ultrasonic properties inferred by analysis of the
peak tend to be that of this frequency. The phase velocities of the frequencies present in the
pulse differ by approximately 10%. Some workers have also used Fourier techniques [8] to
determine both adherent and adhesive thickness. There was no need to perform such a
measurement in the experiments described here as the pulses were sharp enough to resolve
echoes within the adhesive layer, which varied from approximately 50tm to 800tm in the
samples analysed.
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5.4 Thou gh Transmission (iT) and Send-Receive (SR
5.4.1 Detailed explanation and justification of the techniques
The TT technique should be the most sensitive method of investigation using bulk
waves at normal incidence, with the EMATs being held on epicentre by use of a bracket.
The permanent magnets of the EMATs were oppositely aligned so as to increase the static
field within the sample, thus increasing ultrasonic signal generation amplitude and
detection sensitivity and also providing a means of maintaining minimum stand-off: The
presence of a magnet on each side of the sample not only increases the magnitude of the
magnetic flux density, but makes the proportion of the field normal to the surface of the
sample larger. The problem with Ti' measurements is that access is required to both sides
of the bond which is not always practically applicable. Also if the adherents are the same
thickness then it would not have been possible to distinguish the properties of each interface.
By choosing adherents o different t\c1cnesses t\e ec'cot t\xat' o'W	 titkt
coincidence can be separated. The waveform for a sample with identical adherents is shown
in fig 5.10 along with the relevant ray diagram. Compare this with a bond waveform for the
plate thicknesses used in the experimental samples, shown in figs 5.1 la, on the grease
contaminated sample provided by the DRA . The usefulness of this approach can be seen
by examining the waveforms in figs 5.11b , which show how the amplitudes of the pulses
vary for reduced coupling at alternate interfaces (by surface contamination by silicon
grease), and for a 'perfect' bond. It can be seen from the ray diagram of fig 5.11a that it is
irrelevant on which side of the sample the SH waves are generated as to the resultant TI'
waveform. Following the notation used in the diagram it can be seen how it is possible in
this case to determine which interface contains the defect by straightforward amplitude
comparison.
The SR technique offers a more practically viable approach, while not suffering from
the potential difficulties encountered with 'IT when adherent thicknesses are identical. The
disadvantage in this technique is the reduced sensitivity to variation in pulse signal
amplitudes. The scans were performed as previously described, moving the sample on an
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XY table. As only one EMAT is used, force was applied to the EMAT ( via a weight) to
maintain its 'contact' to the sample to ensure constant stand-off. The signal amplitude will
be greatly diminished as compared to the TI' technique. The simple principle of examining
the first SH wave pulse arrival, and the subsequent echo within the adhesive was also used
in this method. The waveform obtained was trivial to analyse within the range of samples
investigated. Because the technique examines reflected rather than transmitted pulses, the
waveform periodicity is dominated by the near adherent thickness. Examining the more
detailed waveform in fig5.9 shows the main pulse reflected from the near interface,
proceeded by a smaller pulse that has been reflected from the second interface and has thus
travelled 2 adhesive thicknesses. Taking the example of grease contamination outlined
above, where one interface was not adhered, the waveforms shown in fIg 5.12 were
obtained. The sample here was produced by applying a thick smear of grease to one 5mm
thick 'isotropic' aluminium adherent and a two part room temperature cure epoxy to a
second adherent which was then sandwiched with the first and left to cure in the geometry
shown in fig 5.12. This differs to the sample shown in fig 5.11, as here there was a thicker
layer (approx 1OOtm) of grease and a totally different adhesive was used. Note how the
echo pulse here is not inverted, as the grease inclusion at the interface gives the boundary
condition of effectively zero shear stress at the epoxy-grease interface. The clamped surface
boundary condition for longitudinal waves has finite longitudinal stress at the boundary,
thus the pulse would be inverted. The ultrasonic evidence indicates a lack of adhesion.
5.4.2 Anal ysis employed
The first experiments performed on a sample were the TI' scans as this was
ultrasonically more sensitive than send-receive. 'IT also avoids some of the potential
complications that SR experiences with thicker adhesive layers, and these will be discussed
later. In testing for adhesion, the crudest indicator as to whether there is any coupling at the
adherent-adhesive interfaces, was to check if there was an observable transmitted SH wave.
As the preparation conditions and thicknesses of the bonds can vary, there can be little
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meaning in absolute values of transmitted wave amplitudes in any one bond. It is a more
reasonable approach to examine any relative changes over the bonded area. There will of
course be a variation in amplitude due to thickness variation. In order to calibrate for this
and assess the amplitude dependance on glue thickness, samples with a deliberately wedged
adhesive layer were prepared. The data from these experiments is discussed in
section 5.4.3., as it has a bearing on how some of the later analysis is performed. This data
was then be displayed in the form of 2D topological or intensity plots.
As the defective regions were created in a known, well defined area of the plate,
specific waveforms were recorded over these regions and over regions that are nominally
defect free. This gave a clearer indication of the defect type or cause of the defect, and as
to why some defects cannot be detected using this method. Analysing these waveforms gave
information on the dispersive nature of the adhesive. By employing Fourier analysis it is
possible to calculate both phase velocity and attenuation as a function of frequency through
the thickness of adhesive.
In addition to a range of defective bonded samples, a number of defect free bonds were
manufactured with different physical construction. These bonds were produced with the
aim of keeping them defect free, while maintaining certain specifications of construction.
It was discovered that some of these samples contained various defects.
5.4.3 Results derived from EMAT scans of the adhesive bonds
If subtle variations in adhesive coupling were to be resolved, some means of
correcting the data for the effects of varying adhesive thickness was required. In order to
do this two samples with a deliberately wedged layer of adhesive were examined by
scanning in Ti'. The thickness varied from approximately 5Otm to 5OOtm over the area
of a joint. One of the samples was found to be an even wedge, while the other wedge had
a slightly curved shape as can be seen from the temporal 'thickness' measurements in
figs 5.13. The even wedge contained a defect (top left of scan), thus rendering the data from
this region corrupt with regards to using it as some type of thickness-attenuation calibration.
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The waveforms obtained from examination of this region are discussed later in section
5.4.4.
Plotting 'thickness' (remembering 'thickness' is defined as the transit time for two
adhesive thicknesses) against measured transmitted pulse amplitude yields the graphs
shown in fig 5.14. It can be seen that the defect free sample had a linear variation in the
transmitted amplitude with 'thickness'. This makes a calibration for other scans possible
with the inclusion in the amplitude data of a correction term linear in the 'thickness'. The
plot obtained from the defective wedge transmission scan shows that the amplitude in the
defective regon is lower than would be expected. The data also shows that the extent of the
defective region is perhaps larger than would appear from the topological plot of fig 5.13.
This type of linear dependance of amplitude on thickness traversed would be expected
forvery thin samples and is described in the proceeding argument. - Assuming exponential
decay in the sample ( exp[-ax] , where a is a constant and x is distance travelled), the limit
of small distance traversed yields a linear relationship ( expanding exp{-ax] - 1-(ax) ).
Small distance is a term relative to the wavelength of ultrasound - broadband in this case,
but having a particular dominant frequency. It must however be remembered that the pulse
is broadband in nature and thus the pulse should disperse on travelling through the adhesive.
Linear attenuation of amplitude with adhesive thickness has been observed in the adhesive
of adhesively bonded steel plates by [9].
The question now ariseswhetherthe fact that the adhesive layer is wedged would have
any effect on the transmitted wave. The angle of wedge is typically about 3 x iO deg. In
the simple geometry shown in the schematic of fig 5.15 it can be seen that the first expected
effect would be a broadening of the pulse due to a variation in transit time across the
wavefront. Fig 5.16 shows that the expected pulse broadening is just measurable in the first
Ti' pulse, and clearly visible on the immediately proceeding adhesive layer reverberation.
The waveforms were recorded on a wedged adhesive layer bond and a nominally even
adhesive thickness bond of identical thickness at the centre of the transducer. The
broadening of the first ultrasonic arrival in TT is not observable within the limits set by the
digitisation rate (iOns) of the scope used to capture the waveform, but broadening is clearly
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revealed in the echo within the adhesive layer. Taking a shear wave velocity of l000m/s in
the epoxy, and the EMAT to be uniformly sensitive across the entire coil yields a difference
in max-mm arrival time of 240ns in the ultrasonic pulse that has traversed the bond layer
3 times. The observed broadening of the echo corresponds to a mm-max arrival time
difference of l8Ons, significantly less than the simple theory predicts. This is mainly due
to the effective coil diameter being much smaller as the sensitivity is not uniform across the
coil, peaking approximately halfway across the radius. The figure of l8Ons was obtained
by taking the bond reverberation from the even adhesive layer waveform, then shifting it
in time and summing across the EMAT diameter. The result is a broader, lower amplitude
signal, closely matched to the observed signal.
Another factor that could affect pulse height is that the wedged nature of a sample
gives rise to a Bessel modulation of the echoes with plane longitudinal waves [10]. Also at
this point it is useful to note that the EtAT sig,nats on a nominally flat plate also undergo
a modulation that is not simply exponential decay (refer to chapter 3 - EMAT system
properties, section 3.4). The wedge angle of 3 x 10-3 degrees, would lead to a variation in
the amplitude due to Bessel modulation of <0.2% (maximun over the range of frequencies
present in the shear wave pulse) , and in the intrinsic EMAT system signal modulation of
approximately 0.14% (extrapolatd from modulation observed in a blank aluminium plate).
Thus, the wedge angle should be a second order effect compared to thickness variation
across the bond.
The Bessel modulation due to the wedged nature of a sample is given by
Bessel modulation factor = 2J(2k tanO)
2ka tanO
where 'k' is the wavenumber of the ultrasound (2p/wavelength), 'a' is the radius of the
circular ultrasonic transducer, 'n' is the number of times the pulse has bounced within the
wedge and 'q' is the angle of the wedge.
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As previously stated, the measurement of pulse-echo separation to determine bond
layer thickness is taken from positions of the maxima or minima on signal pulses. If the
measurement of thickness in the time domain is a valid one, then the real bond thickness
should vary linearly with the time domain 'thickness'. In order to measure the 'true'
thickness, the total bond thickness was measured across a strip of a wedged sample using
a micrometer. The variations in the aluminium thickness are of second order compared to
the variation in the adhesive thickness. As the aluminium plate thicknesses were known,
calculation of the true adhesive layer thicknesses was trivial. The time domain 'thickness'
and the micrometer thickness measurements are shown in figs 5.17 as a function of position.
These two results can be combined to give the relationship between effective time
'thickness' and real thickness. This is akin to assuming that there is only one frequency
present, thus the position of the echo peak is just a measure of the velocity of this frequency.
An important factor to note is that the wedge angle causes echo broadening and thus shifts
the maxima of the adhesive echo peak. If the wedge angle is roughly constant as in this case,
then the shift in the maxima of the bond reverberation is constant ( approximately 4Ons
here) , and thus the gradient of the graph of attenuation with 'thickness' is a valid
measurement.
Calculations of shear wave phase and group velocities within the adhesive (see fig
6.11 in next chapter) show a significant, 10% variation as a function of frequency in the
range of frequencies 2-10MHz. Thus the dispersion would be expected to diverge the time
domain 'thickness' from a linear relation, but for the fact that there is a dominant peak in
the frequency content of the pulse. It is therefore approximately the velocity of this
frequency which is being measured in the 'thickness' time domain measurements.
5.4.4 General considerations for results obtained in scanning bonded samples
A range of both defective and defect free samples were examined using SR and IT
techniques. In TI' one of the factors affecting the amplitude of the signals will be static
magnetic field, and thus separation of the EMATs. The EMAT driver may also over long
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a period of time experience a change in output amplitude. Therefore from one set of scans
to the next, the amplitude may not be the same for the same sample types. Thus, there can
be no standard calibration for the absolute amplitude and thickness dependance. It is
sufficient however to know that the relationship between echo separation and pulse
amplitude is linear. A computer algorithm has been used to alter the amplitude data by the
addition of a linear term in time 'thickness', and take into account attenuation in the
aluminium.
Some of the samples that were supplied as defective (see table 5.1), did not show any
defective or significantly different region in the central area of the structure. The sample of
most concern was the one that had been treated with a release agent prior to bonding. On
tensile testing the strip sample over the defective region, adhesive failure occurred . This
left the adhesive rigidly attached to the 4.8mm p1ate and smooth on the other unbonded side,
with the 3.3m plate being completely free from any trace of adhesive material. This was
adhesive failure, but the conclusion cannot be drawn that there was no bondingwhatsoever.
There could be a variety of reasons as to why the defective region was not detected
ultrasonically. One possibility is that the bond actually failed in the plastic limit. That is, the
small elastic displacements associted with ultrasonic propagation could be coupled across
the interface, without there actually being any mechanical frictional coupling across the
interface. Even so, it is possible to induce shear wave coupling across an unbonded
interface. This was proved in a qualitative fashion by compressing a 5mm thick aluminum
disc with an adhered epoxy layer on one face, against a similar blank aluminium disc and
propagating shear waves through the entire structure at normal incidence. The setup and
recorded TT waveform is shown in fig 5.18. Note that the poorer signal to noise ratio (even
after 20 averages) is associated with a low absolute amplitude. The plates were clamped by
screws in 4 places around the circumference of the discs, and the total estimated contact area
of epoxy-blank disc was 3-4cm2. This occurs as the applied compression generates a shear
stress across the unbonded interface due to frictional coupling between interfaces. When the
experimental samples were constructed, they were formed under elevated temperature and
pressure. As the unbonded regions were surrounded by well bonded regions, this could have
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the effect of leaving the nominally defective bonded region under a compressive stress. This
effect could then possibly be compounded by the fact that as the shear wave arrives at the
aluminium-epoxy boundary, there is some mode conversion, generating a compressive
stress at the boundary while the shear wave is incident on the boundary.
5.5 Some specific sample scan results
5.5.1 Voided samples
Two of the sample range were constructed in such a way so that they contained a void
in the centre of the samples. This type of sample is the most crude and easily observed defect
type, and conventional ultrasonics can pick these up quite easily. It is however a good
demonstration of the practicality of the EMAT, when used to detect such defects in a non-
contact regime.
Ti' scans amplitude and 'thickness' (time domain) of a void containing sample are
shown in fig 5.19a. and fig 5.19b respectively Prior to curing, the void region was square
shaped, but as can be seen from the amplitude scan, the air trapped in these bonds flowed
out of the adhesive layer changing the shape of the void region. The SR back relected
amplitude c-scans (fig 5.20a from 4.8mm adherent side and fig 5.20b from 3.3mm adherent
side) appear different to the Ti' scans, as the 'IT technique probes both interfaces and epoxy
bulk simultaneously. During cure, the epoxy partially flowed into the void region, mainly
onto the 5mm aluminium plate giving it complete coverage. The scans show that the
reflected amplitude on the 4.8mm plate for SR is roughly uniform for the near interface, but
show a drop in amplitude in the bond echo from the far interface. It would be expected that
the echo from the far epoxy - void interface over the defective region should yield a higher
amplitude as detected by the EMAT. This would only occur if the epoxy that has flowed into
the voided region was uniform and homogeneous, so consequently the uneven epoxy layer
leads to a drop in the bond echo amplitude. The SR reflected amplitude from the 3.3mm plate
shows large amplitude over the defective region. Echoes from the far interface mirror the
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image obtained from the principal peak amplitude as these echoes originate from the
preceding principal echo.
5.5.2 Release film containin g samples
The sample that contained a square of release film at the 3mm plate - adhesive
interface was also easily detectable using the EMAT. This type of defect can arise where
the adhesive's protective film has not been properly removed from the surface of the
adhesive prior to bonding. As with the grease contaminated sample, the impedance
mismatch between epoxy-contaminant is much less than the impedance mismatch between
contaminant-aluminium. In fact, in this case the release film does not couple to the
aluminium plate at all, making this defect effectively a void.
The SR data shows that on the 3.3mm side ( fig 5.21c) ,where there is no coupling
across the near interface, the reflected amplitude is high, and thus there is no or little bond
shear wave echo. From the 4.8mm side, the principal pulse amplitude scan (5.21a) shows
that the reflection coefficient from the near interface does not contain any defect. The bond
layer echo amplitude (fig 5.21b) does however show a drop in amplitude over the defective
area which is a combination of the ultrasonic attenuation within the film layer, and the fact
that the film layer is present at all. The Ti' amplitude data (fig 5.22a) shows the same features
as the SR data, but are perhaps more pronounced as the Ti' is more sensitive in general. The
TI' 'thickness' measurement (fig 5.22b) is corrupted due to the extremely small signal level
associated with the defective region.
5.5.3 Silicon grease contaminated adherent sample
A thin smear of silicon grease was applied to the 3.3mm aluminium adherent prior to
bonding. As the bonding took place at elevated temperature and pressure, then there was the
possibility that the grease could spread, diffuse or even dissolve into the epoxy layer. Data
was recorded in through transmission and send-receive from either side of the bonded
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sample. The through transmission data is shown in fig 5 .23a and 5 .23b , and the send receive
in fig 5.24a,(b),(c) and (d).
Considering the Ti' amplitude, the first point to note is that even in the defective
region of the bond, a proportion of the incident shear wave is coupled across the bond. Thus
there was some degree of bonding, or at least a transfer of shear stress across the interface
in the sample, even in the defective region. Therefore the silicon grease contaminated
sample served to act as a degraded bond, rather than a total disbond or kissing bond. The
scans here show raw data, and the data corrected for adhesive layer thickness. There is little
difference in the uncorrected and corrected, as the thickness variation is dominated by
interface and bulk considerations. The darker regions of the density plots show a lower level
in transmitted signal. Considering the cross-sectional diagram of fig 5.25 shows wh'j this
is the case. Shear waves generated from either adherent surface will give the same through
transmission signal result. The results could be explained from two equally valid view
points, firstly that of a 4 layer system (Al-epoxy-grease-Al), or as a 3 layer system (Al-
epoxy-Al) with degraded adhesion at the 3.3mm adherent-epoxy interface. Both these
geometries would give rise to a drop in 'FT signal overthe defective region, even ifthe grease
layer could be treated as an elastic solid in the first geometry. Thus, in IT, a defect is
indicated by a drop in signal amplitude. The defective interface can be directly identified
of the waveform due to the different adherent thicknesses as described in 5.3.1.
The SR scans shown in fig 5.24a,(b),(c) and (d) show a similar pattern to the 'IT scan,
but need more explanation. Scans were performed on both sides of the adhesive bond, but
the first back reflected ultrasonic arrival when generating on the 3.3mm adherent was
corrupted by the front end electrical noise. Thus, the first arrival was not used for the
amplitude scan on the 3.3mm side. However, the second principal pulse and bondline echo
were clear of the electrical noise, and their amplitude were recoreded. The amplitude data
has a maximum reflected principal pulse signal over the area containing the defect on the
near interface (fig 5.24a) . This then has the effect of reducing the amplitude of the epoxy
layer echo over the defective region, as less energy entered the adhesive in this area. A high
reflected amplitude from the defective region indicates the presence of either an increased
impedance mismatch in this location, and/or a change in interfacial coupling strength.
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Scanning on the 4.8mm adherent side, the first ultrasonic arrival amplitude showed
a slight variation in reflected amplitude from the near adhesive-adherent (fig 5.24b) , but
no distinct defective region. The c-scan data from the bond echo associated with the first
shear wave arrival shows a drop in amplitude over the defective region of the sample fig
5.24c). This bond echo has probed both the near interface, far interface and adhesive layer
bulk. The defective region shows up as a drop in amplitude of the bond echo. This result
shows that the bonded sample is behaving more like the 4 layer system than the 3 layer
system described above. This is because if the defect region was purely a degradation in
interface coupling, less of the energy would be coupled across the far adherent-adhesive
interface and would be reflected back towards the transducer. Thus, an increase in echo
signal amplitude would be expected for a straightforward lack of adhesion on the far
interface, rather than the observed decrease in amplitude. This effect can be explained in the
4 layer model by the fact that there is a smaller impedance mismatch from the epoxy-grease
interface than the epoxy-aluminium interface. The grease strongly absorbed the ultrasound
that was coupled into it and as there is a higher impedance mismatch grease-aluminium
compared to epoxy-aluminium, little energy is transmitted into the far adherent. Addition
of an extra elastic layer into the adhesive layer would also decrease the back reflected
amplitude due to the geometry of the layered system. Thus the data from the U and SR
scans would indicate that the 4 layer model is relevant to this particular sample. The
bondline 'thickness' measurements fig 5.23b (TI) and fig 5.24d (SR) appear consistent
in both the range of meaured temporal separations and in the general pattern of the scan. Two
possible cross sectional respresentations of the bond are shown in fig 5.25a&b.
5.5.4 Defective wedged sample
The c-sans for the wedged samples are shown in fig 5.26a and (b) for the defect free
sample in IT, and in fig 5.27a and (b) for the defective samples in Ti'. Examining the Ti'
data from the defect free wedged sample, it can be seen that the pulse amplitude (fig 5.26a)
correlates inversely to the adhesive layer thickness (fig 5.26b). The information obtained
from the defect free wedge was used to calculate the attenuation of the shear waves as a
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function of epoxy thickness as explained earlier. The defective region of the other wedged
sample was examined in detail using the TI' geometry, as the opportunity of examining an
accidental defect had arose.
Analysing the data from the SR scan from the 4.8mm plate side, the first principal
peak could be observed and the c-scan shows a slight variation in shear wave coupling
coefficients across the interface, or shear stifness (relative to a tangential spring coupling
model between adhesive and adherent - see Ch2) at the near interface (fig 5.28a). The data
from the first echo within the adhesive layer is corrupted by interfering with the mode
converted signal (fig 5.28b). This is only occurs in samples with extreme variations in
adhesive thickness, or where the bond echo coincides with the mode converted signal. Thus,
the information from the far adhesive interface is not easily derived from the available data.
The amplitude scan of the second principal pulse ( fig 5.28c) shows features associated with
the adhesive layer, and is a result of higher order reflections within the structure interfering
with the pulse trapped in the upper adherent. This phenomena will be demonstrated in the
waveform simulations of chapter 6. Consequently, the bondline echo associated with the
second principal pulse is also affected by the higher order reflections and once again, the
mode converted signal. Thus, the information contained within successive pulses quickly
becomes very complicated. The adhesive layer 'thickness' measurement (fig 5.28d) does
not appear to be corupted, which is quite surprising considering the degree to which the
amplitude data has been corrupted by interference with other siganis.
In scanning the transducer on the 3.3mm adherent side the first ultrasonic arrival was
again masked by front end electrical noise. Amplitude c-scans of the second and third
principal pulse were recored, and exibited similar features observed in the scans from the
4.8mm side due to interferce with other ultrasoinc signals in the waveform, and were more
pronounced than from the 4.8mm side as these were higher order reverberations.
The defective region of one of the wedged samples was examined in detail,
waveforms were captured in this location for analysis. The waveforms obtained in TI' for
the defective region and defect free region of identical thickness on the same bond are shown
in fig 5.29a. The amplitude of the first ultrasonic arrival appears reduced in the defective
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region. Examination of the next two pulses shows that they are of equal amplitude to within
0.5%, as demonstrated for a different sample in fig 5.11b . This would then imply that the
defect is not localised to one particular interface. This left one of two possibilities, that the
adhesive bulk was either defective and thus both interfaces were defective, or just that both
interfaces were equally defective. The latter situation was of course less likely, as the
chances of the interfaces being equally defective was very small. The SR data from both the
3.3mm and 4.8mm adherent sides showed a small increase in the acoustic amplitude
reflected back towards the EMAT of a few percent. This in itself would suggest that the
defect present here is a predominantly a bulk defect. There will be a drop in shear wave
transmission coupling in this area, but the fact that this occurs at both interfaces indicated
that the defect went through the thickness of the adhesive layer. The ratios of the magnitude
of the first ultrasonic arrival to associated bondline reverberation (fig 5.29b) showed that
there was a much stronger frequency dependant attenuation in the defective region. This
would again suggest improper cure or a high degree of porosity. Destructive examination
of this area revealed that there was extreme porosity in this region, and some of this had
concentrated to form small voids of a few millimetres in size.
5.6 Summary
No defects were identified ultrasonically or by tensile testing in the hydrated, the rubbed and
in the acid attack samples. Defects were identified ultrasonically in the release film sample
and the silicon grease contaminated sample and the tensile test pieces milled from the
defective regions fell apart on machining, revealing that the adhesive did not appearto have
'wetted' the adherent. Tensile testing showed that the voided sample and the skin fat and
release agent contaminated samples failed at much lower loads over their defective region,
while visual examination showed that these three samples had significant areas in the
'defective region' where the adhesive had not 'wetted' the adherent.
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A possible explanation as to why the release agent defect was not detected while the
grease contamination defect was, may be that the grease was partially dissolved into the
epoxy. Another reason may be that the much thinner, stiffer teflon layer of the release agent
at the interface may give an effective stiffer interfacial coupling, considering the interfacial
coupling model proposed by Balk and Thompson [11]. The quasi-static model ascribes a
coupling spring (tangential or normal to the interface) to the interface contaminant, while
making the assumption that the 'spring' itself is perfectly coupled to each interface. The
stiffness of such a spring is given by pc2/d ,where p is the density of the i nterfaci al contaminant,
d is the thickness of the layer and c the ultrasonicvelocity (shear or longitudinal). The grease
layer was approximately 100 times thicker than the teflon release agent layer which would
be the dominant difference in this spring type model, making the teflon layer effectively
much stiffer. Thus the thinner teflon layer could allow a higher degree of shear wave
coupling across the interface than the grease layer. There will also come a point where if
the teflon layer becomes so thin that the difference is shear wave coupling across the
interface due to the presence of this layer will be below the variations observed in
experimental error. This type of model has been further developed to account for the
dynamic situation by Fraisse and Schmit [12].
Many of the important factors that must be considered when performing both
experiments and preliminary waveform analysis have been described in this chapter.
Experiments have been performed in both through transmission and in a pulse-echo or send-
receive geometry. The main factors that supported the analysis used were the sharp
broadband nature of the shear wave pulses generated by the EMAT, and perhaps more
importantly the fact that some experiments have been carried out in a true C-scan geometry.
The specific C-scans presented at the end of this chapter, demonstrated the detection
capability of the EMAT system.
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Cross-sectional diagram of adhesively bonded samples investigated in
this project.
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Fig 5.2a
Sample construction, defect location and area from which tensile test
strips were prepared from the sample.
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Test geometry for destructively testing regions of bonded samples.
table 5.1
hydrated with water prior to bonding	 2025
hydrated	 no defect detected ultrasonically 	 1810
no defect found in destructive test	 1920
release	 square of release film left on adhesive	 2020
fell appart on machiningfilm defect detected ultrasonically 	 _____________________
defect found in destructive test 	 2040
area treated with grease from	 2040
constructorshand	 ___________________
skinfat	 1040no defect detected ultrasonically 	 _____________________
defect found in destructive test 	 2060
area rubbed with abrasive paper 	 2045
prior to bonding
rubbed	 2020
no defect detected ultrasonically
no defect found in destructive test 	 2000
area chemically treated with a bonding	 2150
release	 release agent prior to bonding 1990
agent	 no defect detected ultrasonically
defect found in destructive test 	 2100
area treated with thin smear of silicon 	 1980
silicon	 grease prior to bonding
fell appart on machininggrease	 defect detected ultrasonically
defect found in destructive test 	 2000
area exposed to attack from phosphoric	 2050
acid	 acid
2040
attack	 no defect detected ultrasonically
no defect found in destructive test	 2000
square void area created prior to oonding - the
area deforms during bonding as the adhesive 	 2250
vOid	 flows	 140defect detected ultrasonically
defect found in destructive test 	 2200
deliberately constructed wedged layer
	 2000defective	 contained unintentional defect
wedge	 defect detected ultrasonically	 1850
defect found in destructive test (porosity)	 no other test sample
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The above waveforms are taken on a 4.8mm thick, blank aluminium adherent, and
the amplitudes have been normalised. Waveform A is far more complicated than B or C,
as the laser source tends to generate significant longitudinal and shear wave components
simultaneously, unless the pulse energy is severly reduced. As the laser ultrasonic source
size is also much smaller than the EMAT with a fast rise time (-5ns), the ultrasonic shear
wave field from such a source is strongly directed at 60° to the surface normal. As a result,
the pulses are temporally broadened, and the successive peak-peak echoes are not equally
spaced (i.e. 2S-4S is not the same time separation as 4S-6S).
Fig 5.3a
Ultrasonic waveforms obtained using Nd:YAG laser generation/EMAT
detection and EMAT send-receive and through transmission geometries.
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Fig 5.3b
Ultrasonic waveforms obtained using Nd:YAG laser generation! radially
polarised EMAT detection and EMAT send-receive.
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Fig 5.4
EMAT waveforms obtained on a sample of adherent backed by a layer of
cured Redux 312 adhesive with carrier.
'-S'	 40
c
:
I :
Schematic for setup for lasergeneration and detection
on the epoxy ingot
pulsed Nd:YAG laser	 cw frequency
interferometer
epoxy ingot
5	 10	 15	 20
time (ts)
Fig 5.5
Nd:YAG laser generation / Michelson interferometer detection of
ultrasound in a cured ingot of Redux 312 epoxy.
Fig 5.6
Experimental setup of EMATs for scanning adhesive bonds.
Fig 5.7
Schematic diagram of scanning setup.
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Fig 5.8
EMAT waveforms from two adhesive bonds, one plain epoxy adhesive
layer, the other bonds' epoxy adhesive layer containing a fabric carrier.
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Fig 5.9
EMAT send-receive and through transmission waveforms and
measurements on adhesively bonded samples.
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Fig 5.10
EMAT through transmissionwaveform obtained onan adhesively bonded
sample with identical 3.3mm thick aluminium adherents.
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Fig 5.11a
EMAT through transmission waveform obtained on an adhesively bonded
sample with adherents of thickness 3.3mm and 4.8mm.
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Identification of defective ( grease contamination) adherent-adhesive
interface by a simple pulse amplitude comparison.
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Fig 5.12
EMAT send-receive waveform obtained on an adheisvely bonded sample
with one adherent-adhesive interface contaminated by a smear of silicon
grease.
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Fig 5.13a
2D density plot for the 'thickness' dath *t ned in scairninge ãe1ec tree
wedged sample in through transmission.
Fig 5.13b
2D density plot for the 'thickness' data obtained in scanning the defective
wedged sample in through transmission.
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Fig 5.14
Attenuation of shear wave pulse amplitude in the defect free wedged
adhesive layer sample and the defective wedged layer sample.
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The two extreme acoustic path lenghts are 
'1k' and 12• The wedge angle is given
by '0', and the EMAT diameter by 'a'. The difference in transit time At is given
by
At = (12-1 1)/v = a tan(0) / v
For the first bondline reverberation in through transmission the above
expression needs to be multiplied by 3, as it will have traversed the epoxy 3
times.
Fig 5.15
Schematic diagram of shear wave bond reverberation broadening due to the
wedged nature of an adhesive layer.
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Fig 5.16
EMAT through transmission waveform obtained on two adhesive bonds
of identical average adhesive layer thickness over an area of the EMAT face,
one a wedged adhesive layer and the other nominally parallel faced.
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Comparison of EMAT generated shear wave transit time (or temporal
'thickness') measurement of an adhesiev layer and a micrometer thickness
measurement of that layer as a function of position.
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Fig 5.18
Demonstration of shear wave coupling through a totally unbonded
adherent-adhesive interface with the application of compressive stress to the
interface.
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Fig 5.19a
2D density plot for the amplitude data obtained in scanning the voided
sample in throu, h transmission.
Fig 5.19b
2D density plot for the 'thickness' data obtained in scanning the voided
sample sample in through transmission. The data is corrupted in certain
regions due to the signal being too small to be measured.
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Fig 5.20a
2D density plot for the amplitude data obtained in scanning the voided
sample in send-receive from the 4.8mm plate side. The first principal peak
amplitude was measured.
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Fig 5.20b
2D density plot for the amplitude data obtained in scanning the voided
sample in send-receive from the 3.3mm plate side. The second principal peak
amplitude was measured.
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Fig 5.21a
2D density plot for the amplitude data obtained in scanning the 'release
film' sample in sènd-receive from the 4.8mm plate side. The first principal peak
amplitude was measured.
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Fig 5.21b
2D density plot for the amplitude data obtained in scanning the 'release
film' sample in send-receive from the 4.8mm plate side. The first adhesive echo
peak amplitude was measured.
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Fig 5.21c
2D density plot for the amplitude data obtained in scanning the'release
film' sample in send-receive from the 3.3mm plate side. The second principal
peak amplitude was measured.
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Fig 5.22a
2D density plot for the amplitude data obtained in scanning th&release
film' sample inlhrough transmission.
Thickness
(1 Ons/div)
I
Fig 5.22b
2D density plot for the 'thickness' data obtained in scanning the 'release
film' sample in through transmission. Data is corrupted in the region of the
defect.
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Fig 5.23a	 -
2D density plot for the amplitude data obtained in scanning the 'silicon
grease' sample rn through transmission.
Fig 5.23b
2D density plot for the 'thickness' data obtained in scanning the 'silicon
grease' sample in through transmission.
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Fig 5.24a
2D density plot for the amplitude data obtained in scanning th&silicon
grease' sample 'in send-receive from the 3.3mm plate side. The second
principal peak amplitude was measured.
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Fig 5.24b
2D density plot for the amplitude data obtained in scanning the 'silicon
grease' sample in send-receive from the 4.8mm plate side. The first principal
peak amplitude was measured.
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Fig 5.24c
2D density plot for the amplitude data obtained in scanning the 'silicon
grease' sample fn send-receive from the 4.8mm plate side. The first adhesive
echo peak amplitude was measured.
Fig 5.24d
2D density plot for the 'thickness' data obtained in scanning the 'silicon
grease' sample in send-receive from the 4.8mm plate side.
discrete
layers
mixed
- epoxy-
contaminant
zone
(a) consists of discrete layers which would be a satisfactory explanation for
the observed ultrasonic waveforms recorded over the defective region.
(b) shows the more realistic case where the epoxy and grease have mixed to
form some indiscrete zone that could be more attenuative to shear waves than
the plain epoxy layer.
Fig 5.25
Cross sectional representations of the silicon grease contaminated
adhesively bonded sample.
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Fig 5.26a
2D density plot for the amplitude data obtained in scanning the defect free
wedged sample in through transmission.
Thickness
(lOns/div)
Fig 5.26b
2D density plot for the 'thickness' data obtained in scanning the defect
free wedged sample in through transmission.
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Fig 5.27a
2D density plot for the amplitude data obtained in scanning the defective
wedged sample in through transmission.
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Fig 5.27b
2D density plot for the 1thickness! data obtained in scanning the defective
wedged sample in through transmission.
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Fig 5.28a
2D densityplot for the amplitude data obtained in scanning the defect free
wedged sample in send-receive from the 4.8mm plate side. The first principal
peak amplitude was measured.
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Fig 5.28b
2D density plot for the amplitude data obtained in scanning the defect free
wedged sample in send-receive from the 4.8mm plate side.The first adhesive
echo peak amplitude was measured.
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Fig 5.28c
2D density plot for the amplitude data obtained in scanning the defect free
wedged sample in send-receive from the 4.8mm plate side. The second
principal peak amplitude was measured.
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Fig 5.28d
2D density plot for the 'thickness' data obtained in scanning the defect
free wedged sample in send-receive from the 4.8mm plate side.
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Fig 5.29
Adhesive layer frequency dependent shear wave attenutaion over the
defective region of the wedged sample, and over a dfecet free region of the
wedged sample of identical wedge angle and thickness.
Chapter
Waveform analysis and simulation
6.0 Introduction
The main problem with any scanning transducer technique is obtaining the desired
information from the ultrasonic waveform. The last chapter touched upon some of the
problems encountered with waveform analysis, and in this chapter, those ideas will be more
thoroughly discussed and explored. An important feature of an epoxy adhesive is that it is
viscoelastic rather than an elastic medium. This has the result that the ultrasonic velocity
is frequency dependant. Calculations of the phase and group velocities, yield information
as to the physical properties of the adhesive, and can be used to determine the cohesive
strength of the adhesive. Once again, send-receive andthrough transmission are abbreviated
to SR and IT respectively.
6.1 Modelling waveforms
So far the analysis of results has concentrated on the applicability of the EMAT
system to examine gross flaws in the interfaces or bulk of the bond. In order to illustrate the
types of subtleties that have been encountered, one of the grease contaminated bonds was
chosen for a more detailed analysis.
As stated previously, the most useful signal in terms of the analysis of the physical
properties of the bond is the first ultrasonic arrival, whether in SR or Ti'. Initially , the
presence of mode conversions within the waveform will be ignored, and the arguments
limited to 'pure' shear wave reverberations. The following argument centres on the
assumption that the reflection or transmission coefficients are dependant on the degree of
adhesion, and on the acoustic impedances of the media that comprise the bond. Basic theory
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runs into difficulty as the classical reflection / transmission coefficients at an interface are
determined only by the specific acoustic impedances of each medium - i.e. it automatically
assumes intimate contact between the adherent-adhesive in this case. Models developed in
an attempt to tackle this problem [1,2,3,4,5] but when coupled with experiment have not
provided a satisfactory solution to the problem of adhesion monitoring. In the following
sections, reflection or transmission just refers to the amount of acoustic energy reflected or
transmitted at the interface.
The first most basic property one might want to measure is that of the reflection
coefficient at an interface. At first glance, it may be thought that the reflection coefficient
is simply the ratio of one principal echo peak amplitude, to the proceeding principaf peak
amplitude. This wilt give a reasonable 'value for the reflection coefficient relative to good)
very poor bond values, but the measurement may be subtly corrupted by the higher order
reflections within the whole bonded structure. While other reverberations within the bonti
are of a much smaller amplitude than the large pulses trapped in the upper adherent, they
can still be sufficiently large to cause significant variations in the principal pulse amplitudes
(as large as 10% in some cases). This has been demonstrated in the analysis of the grease
contaminated sample using a SR EMAT on the (4.8mm) side where the defect is on the far
interface. The waveform is shown in fig 6.1. The amplitudes of the first principal pulse and
second principal pulse are shown as c-scans in fig 6.2 and fig 6.3 respectively. As can be
seen, the general trend in the data for these two scans is very different. The c-scans showing
the first echo within the bond and adhesive layer thickness are shown in fig 6.4 and fig 6.5
respectively. It can be clearly seen that the second principal pulse contains information
about the bulk and far interface.
The points raised above, show that the measurement of a reflection coefficient by
direct amplitude ratio is not valid in general. It also illustrates exactly how important it is
to observe the first ultrasonic arrival. The problem gets worse using later pulses, as the
waveform becomes even more complicated, as will be shown later. Incidentally, in this case
a measurement of the the ratio of the amplitude of the second and first principal pulse
amplitude would be totally incorrect, giving values of over 100%, due to the amplifier not
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having fully recovered in the time region of the first ultrasonic arrival, and the waveform
modulation due to the shape of stress field generated by the EMAT. The modulation caused
by this partial pre-ampi i fler paralysis can, and has been corrected for as described in chapter
3, but the modulation due to the inhomogeneity of the wavefront is a more difficult problem
and has not been tackled here.
In general, if precise quantitative values for both reflection coefficients and bulk
mechanical properties are to be determined by analysis of the ultrasonic waveform, then the
problem cannot be attacked by simple amplitude and time difference measurements. In
order to obtain accurate values, some waveform simulation and computational analysis
must be performed. As a first step to attept to v'r omt o ow 'ne
computation may be tackled, some very simple programs were written. These were not
intended to be offered as a complete solu1on o the pro bern, but merely a crude
approximation to the deconvolutions and analysis that should be employed.
As the shear wave attenuation in both aluminium and epoxy have been measured, a
computer program was written to iteratively calculate the relative amplitudes and arrival
times of ultrasonic echoes within the bonded sample. In send-receive, the most dominant
peak is obviously the principal echo that is trapped in the upper adherent. The next most
significant amplitude pulse arises via a direct reflection from the far adhesive adherent
interface. There are several other relatively large echoes that have traversed the adhesive
layer, and their arrival times relative to the principal pulse is thus also dependant on the
adhesive thickness. The main difference in the simulated waveform and real waveform lies
within the mode conversions, which are out of the scope of simple plane wave theory. These
arise due to the finite size of the transducer and therefore the ultrasonic field and are difficult
to simulate as they require the calculation of a Greens type function [6] for the different
boundary conditions within the bond. The Greens function calculation in turn, also requires
an accurate function (in time and space) to describe the stress field generated by the EMAT.
A more detailed description of this effect was discussed in chapter 2 , where a crude model
is applied in order to demonstrate the position of peaks within the waveform.
78
The amplitude of each of the different ultrasonic arrivals was solved iteratively
because a fraction of an observed ultrasonic arrival derives from the preceding echo. This
explains why the subsidiary echoes actually increase in amplitude rather than decrease, as
would be expected for simple exponential decay in a single layer medium. The simulation
of this behavior requires the functional dependance of attenuation in both the aluminium
and the epoxy layers. Waveform simulation such as that described here is useful in that it
shows what magnitude of changes in reflection and transmission coefficients are likely to
be detectable. It also illustrates situations where problems may arise in the analysis. This
is also clearly demonstrated in the c-scan of a wedged sample, where the principal echoes
appear to contain information of the adhesive thickness for certain values of adhesive
thicknesses. i.e., where the peak y(i) is coincident with the principal i+1 peak. Also in the
wedged sample, the information of the echo within the adhesive is corrupted due to the
reverberation within the adhesive layer interfering with one of the mode conversions.
The simple equations used to simulate relative pulse amplitude are shown below. The
schematic diagram of the paths these pulses take within a bond are shown in fig 6.6. In the
following, 'r' denotes a reflection coefficient, 't' a transmission coefficient: subscripts land
2 and 3 are for the upper adherent (on which ultrasonic generation takes place), adhesive
and lower adherent respectively. Thus, subscript 12 in the coefficients indicates that the
wave travelling in medium 1 is incident on the interface of medium 1 to medium 2. The
symbol 'D' denotes an amplitude decay operator, with subscripts 1,2 or 3 for upper
adherent, adhesive and lower adherent respectively.
The nth principal pulse, p is given by:-
p= D[Ar , ]	 6.1
The first echo in the adhesive layer associated with the nth principal pulse is denoted e 11 , and
given by:-
e=D1 [D2 [D2 [Ar 1 t12 ]r23 ]t2i ] +D[e 1 ]r12	 6.2
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The first part of this expression is the magnitude of the echo pulse that has derived from the
preceding principal pulse.
The second part of the term involving e 0 1 takes account of the pulse that 'rings' back and
forth in the upper plate, forwhich most of the energy associated with it is trapped in the upper
adherent.
The above can be re-written in terms of the nth principal pulse,
e11 = D1 [ D2 [D2 [Dj4
 [ p 11 J r	 t12 J r ] t21 ] + D [ e111 ] r12
6.3
The pulses denoted x and y as shown in fig 6.6, can be written as
x 11 =D 1 [D2 [D[D2 [Arj't 12 ] t23 ] t32 Jt2i J +D[x111]ri2 
6.4
y 11 = D 1 [D2 [D [D [D2 [Ar 1 t12 t23 ] r32 ] t32 t21 ] + D [y11.1]r12
6.5
Assuming that the decay operators act linearly on the ultrasound we can write the pulses e
and x 11 , and subsidiary adhesive echoes associated with the X pulse as,
e0 = D1 D A r' t12 r23 t21 + D [e111 ] r12	 6.6
x 11 = D1 D D Ar 1 t12 t21 t23 t32 + D [ x 111 ] r12	 6.7
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Thus the first two subsidiary echoes are given by:-
xi= 2{ D 1 D D Ar' t 1 , t21 t23 t32 r2
 r23 } + D [ x1 1 ] r1
6.8
and,
X2 = 3{ D 1 D D A r'' t 12 t 21 t23 t32 r r21 r23 r32} + D [ X2 1 ] r12
6.9
While these two above echoes have much higher decay factors than the x11 th puise, this is
in part compensated for by the fact that there are more combinations of ultrasonic
pathlengths that have the same transit time hence the factors of 2 and 3 in the above
equations.
Here, only a few of the pulses present in the waveform have been described, as these
demonstrate that the measured amplitudes in the waveform consist in fact of a summation
of various pulses. Once again this emphasises the importance of being able to capture the
very first shear wave arrival. However the total picture is further complicated by the
presence of mode conversions, and other reverberations within the bond that have been
ignored above. In general, these reverberations cannot be ignored, and the arguments
presented are specific to the experimental geometry in this project.
A program to simulate the echoes described above, was used to generate waveforms,
with and without the reverberations from the x pulse. The difference in these two waveforms
would be the difference in the measured amplitude, and the amplitude of the isolated
principal peak, which would be required to calculate the reflection coefficient from the near
interface and hence adhesive bulk and far interface properties. The reflection coefficients,
decay rates, adhesive adherent thicknesses could be chosen (using values from typical
experimentally obtained 'spot' measurements). The simulated waveforms shown in figs 6.7
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have reflection coefficients at both interfaces of 0.85 (chosen), and adhesive thicknesses of
150 and 200tm. In the calculations above, dispersion of the shear wave pulse was ignored,
and the pulse used in the waveform simulation was a shear wave pulse recorded in the
aerospace aluminium plate (4.84mm blank adherent).
6.2 Phase and group velocity
Plane waves in an infinite, purely elastic medium would have phase and group
velocities which were equal and independent of frequency. However, as described in
chapter 2, the ultrasonic phase and group velocities in a solid medium are in general a
function of frequency [7]. The aluminium and epoxy have very different mechanical and
thus acoustic properties: the aluminium behaves as an elastic medium while the epoxy is a
viscoelastic medium. In order to measure the viscoelasticity, the analysis of the broadband
ultrasonic waveforms must be performed in the frequency domain. The magnitude FFT
shows that there is very little observed frequency content for frequencies less than 1MHz
(limited by the preamplifier) and greater than 10MHz (limited by the frequency content of
the drive pulse).
6.2.1. Phase velocit y in aluminium
In order to verify that the aluminium behaves as an elastic medium, the phase velocity
of an aluminium sample taken from an extruded rod, and one of the thicker adherent plates
were examined using EMATs. In addition, a waveform was taken on aluminium single
crystal ((100) direction) as this should have very relatively little ultrasonic dispersion over
the range of frequencies present in the shear wave pulse, with a predictable velocity when
compared to polycrystalline aluminium samples. There will be some dependance on
velocity as a function of frequency in aluminium, but it is much smaller effect than in epoxy,
and contrary to the behaviour observed in the epoxy, the phonon dispersion relation could
be such that the acoustic velocity can be larger for lower frequencies [8].
82
Fig 6.8a shows the first and twelfth pulse echo (send-receive) in a 12.50mm
aluminium disc shaped sample cut from a cross section of extruded rod. Fig 6.8b shows the
calculated frequency dependance of phase velocity obtained from this waveform. The
window used to capture the pulses was a little over 1ts in width, and thus for frequencies
around or below 1MHz, there is insufficient information in the frequency domain to allow
a reliable estimate of the velocity. This is why the phase velocity information is not shown
below 2MHz. Fig 6.9 shows data from a 4.84mm thick aluminium (blank) adherent. The
first and third pulses in TI', and the second and ninth pulses in SR, along with the phase
velocity dispersion curves derived from this experimental data are presented.
Dispersion curves obtained in the aluminium disc and the adherent plate exhibit a
frequency dependant behaviour, where velocity falls with increasing frequency. Over the
range 2-8MHz, the phase velocity from the disc data changes by approximately by 1.3%,
while in the plate there is a variation of less than 0.5%. The difference between these two
degrees of variation is due to some difference in the internal structure of the disc and the
plate such as grain size, composition, orientation and grain boundary scattering characteristics,
all of which are unknown parameters for these two particular samples [9]. The phase
velocity at 2MHz in the disc sample is 3160 m/s and in the plate 3120 m/s. The absolute
error in these values (1% - from micrometer measurement) is greater than the variation in
velocity due to dispersion. However, the shape of the dispersion curve should be a reliable
indication of the phase velocity frequency dependance.
A SR waveform taken on a single crystal of aluminium was analysed, from which the
frequency dependant phase velocity was calculated. The single crystal was 38mm diameter
and 26.32mm thickness. The first point to note is that the shape of the second and tenth
pulses indicate that while there is some dispersion and non-uniform attenuation of the
ultrasound the difference is not as severe as observed in the aluminium disc sample. The
difference in the calculated phase velocity over the range 2-10MHz is very small, less than
0.03% (see fig 6.10). The shear wave velocity obtained from the elastic constant C from
the table in Musgrave [10], such that velocity equals (Cc/p )1/2 yields a value of shear
wave velocity of 3249 mIs. The apparent frequency dependency from the calculated phase
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velocity may be a result of acoustic phonon interaction with electrons and lattice defects,
or possibly simply arises as a result of the computation. The effect is so small that it would
not be possible to determine its origin using this technique, and it demonstrates that the
single crystal behaves as a good elastic medium , especially when compared to the other
aluminIum samples investigated.
6.2.2 Phase velocity in the epoxy adhesive
Fig 6.11 shows the ultrasonic shear wave attenuation of the epoxy as a function of
frequency through a bond of adhesive thickness 3OOtm. Over the range of frequencies
present, the reflection and thus transmission coefficient was found to be constant (effectively
frequency independent). In general, the reflection coefficient at the interface of two elastic
halfspaces in intimate contact, should be frequency independent. The reflection coefficient
at the interface of an elastic and viscoelastic interface should be a function of the frequency
of the incident ultrasound. This phenomena should not be confused with the frequency
dependance encountered in the model of the three layer media in chapter 2: In this cw model
the frequency dependance is obtained from the FF1' of the entire waveform - more of a low
frequency measurement. This effect would not be observed in the frequency content of a
single pulse through a three layered elastic composite.
Elasticity of a body can be modelled by a spring type representation. Viscoelasticity
can be modelled by a suitable choice of dashpot and spring combination [11,12,13]. The first
model that will briefly be discussed is the Voigt model for a viscoelastic solid, where a
spring is connected in parallel to a damping dashpot and the response of the total system to
an applied sinusoidal force is analysed. see fig 6.12a.
The model behaves correctly, in as much as the media becomes stiffer for higher
frequencies. This of course assumes that within the media, there is only one type of
relaxation process i.e. that every molecular component has the same effective dashpot and
spring. A range of relaxation processes can be accounted for [13,14], by essentially
integrating a variable relaxation time over some distribution function.
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The magnitude of the elastic modulus for the Voigt model can be written as [see
Appendix A for calculation],
2 
= G2 +	 6.10
where G is the spring modulus, n is the dashpot damper coefficient and G* is a complex
term representing the modulus of combination of spring and dashpot.
The complex nature of the elasticity (and hence velocity) manifests itself as a
frequency dependant property. The main disadvantage of this model is that the elastic
modulus of the viscoelastic body tends to infinity as the frequency tends to infinity. Other
workers have shown that typical relaxation frequencies are the the order of 40MHz. An
improvement to this model is shown in fig 6. 12b. It introduces another spring component,
whose modulus corresponds to the elastic shear modulus of the epoxy at infinite frequency.
The zero frequency or dc shear modulus corresponds to the series combination of the two
springs. Over the range of frequencies present in the EMAT waveforms, the models behave
nominally identically.
The magnitude of the elastic modulus for such a viscoelastic solid is given by [see
appendix for calculation];
- 
{G1G2(G1^G)+w2n2G	
{	
2
-	 (G1^G2)2	 22	 + L(Gi+G2)2 ^W2121	 6.11
The frequency dependance of the elastic moduli for both models are shown in fig 6.13.
The modulus tends to infinity for the Voigt model, and for the improved model, it levels off
at some frequency (>1GHz). The values of spring stiffnesses and dashpot 'viscosities' used
correspond to those determined experimentally for the epoxy adhesive Redux 312, the
values being given in fig 6.13.
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In order to calculate the phase or group velocities using broadband ultrasound, two
ultrasonic pulses are required [15,16]. The analysis detailed below was performed by using
a pulse recorded in plain aluminium plate as a reference pulse, and a pulse that had been
transmitted through one adhesive layer thickness. Such a procedure required two separate
waveform captures, for each pulse. The phase and group velocity calculations for the
analysis method described above are shown in fig 6.14a, and 6.14b respectively. A
reference shear wave pulse in aluminium plate, and a pulse from the adhesive layer were
analysed to preserve the maximum amount of frequency information, as using pulses
captured within the same waveform will have pulses that have traversed more than one
thickness of epoxy. Taking the necessary pulses from a single waveform will have the result
of the pulses being more strongly attenuated via losses within the epoxy, and from ultrasonic
transmission at the adhesive-adherent interface/s. Calculations have been performed via
analysis of a single a'teforn o aiec n bot'n thiougi transmission and send-receive,
using the waveforms shown in fig 5.9 . The phase velocity results from these calculations
are shown in fig 6.15, and are consistent with the phase velocity obtained from using two
separately recorded ultrasonic pulses.
The models described above predict a frequency dependant reflection coefficient, but
there was no observable frequency dependance of the reflection coefficient. The change in
phase velocity over the range of frequency shown is approximately 10%. Adhesive layers
in the samples are typically 1O0tm thick giving a difference in arrival times between a
1MHz and 10MHz shear wave of iOns - the same as the digitisation rate of the scope used
to capture the data. Therefore as the adhesive layer is thin, the epoxy may be treated as
roughly elastic in some situations: there is a measurable viscoelastic behavior, but this is
small. The group velocity shows the expected general trend, and contains small oscillations.
The group velocity is effectively derived from the differential of the phase velocity. Closer
examination of the phase velocity shows that the oscillations in the group velocity
correspond to very small changes in gradient of the phase velocity, or the FF1' phase
calculation. This is probably due to errors introduced in the computation of the frequency
information, rather than being a real effect. The extremely low value and sharp drop in the
calculated phase velocity for frequency less than 2MHz is characteristic of all the
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calculations done in this project. The value of phase/group velocity should be approximately
l000m/s at zero frequency. Calculated phase velocity sharply decreases below 2MHz as the
temporal size of window used in capturing the waveform, did not contain sufficient
frequency information less than approximately 2MHz.
Using the improved single relaxation frequency viscoelastic model, a theoretical fit
to the phase velocity data was performed (see fig 6.15) using variable parameters for both
springs and the dashpot. In order to ensure that the fit converges, it was necessary to initiate
the fit with the expected parameters. A damper coefficient of 15 Pa s was used corresponding
to a relaxation frequency of 50MHz for a dc shear modulus of 0.9 GPa . The dc shear
modulus of the epoxy was given in the technical data as 0.9 GPa, but this value is critical
if the fit is to converge properly. In the above model the dc shear modulus is the combination
of both spring moduli, so both spring moduli were allowed to be variable parameters in the
fit. The model yielded values of dc shear modulus as 1.04 GPa +1- 3%, a shear modulus
at infinite frequency of 43.0 GPa +/- 100% and a damping coefficient of 9.57 Pa.s +1- 3%
(corresponding to a relaxation frequency of 108.7 MHz ^1-3%). The value of the relaxation
coefficient is comparable to the range of values obtained by Challis [17] from the phase
velocity for different types of adhesive (from 18MHz to 88MHz - limits include the
extremes of the standard deviations on those results) , but is slightly higher than any he
reported.
6.3 Summary
The phase and group velocity calculations for the epoxy yield values consistent with
those obtained by other workers in the field. There is a very wide range of physical
properties for different epoxy compositions and preparations and in the model a single
relaxation frequency was assumed, so the discrepancy in the value of the derived relaxation
coefficient for the epoxy from those obtained by Challis is not too surprising. The simple
waveform simulations show the origin of the most dominant higher order reverberations
that corrupt the larger principal pulses, and give an indication of the considerations that must
be made when analysing the waveforms.
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2D density plot for the amplitude data obtained in scanning the defect free
wedged sample in send-receive from the 4.8mm plate side. The first principal
peak amplitude was measured.
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Fig 6.3
2D density plot for the amplitude data obtained in scanning the defect
free wedged sample in send-receive from the 4.8mm plate side. The second
principal peak amplitude was measured.
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2D density plot for the amplitude data obtained in scanning the defect free
wedged samplë'in send-receive from the 4.8mm plate side. The first adhesive
echo peak amplitude was measured.
Fig 6.5
2D density plot for the 'thickness' data obtained in scanning the defect
free wedged sample in send-receive from the 4.8mm plate side.
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Shear wave phase velocity in 12.50mm thick polycrystalline aluminium
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Fig 6.12a
Spring and dashpot representation of the Voigt model for a viscoelastic
solid.
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The above model is an improvement on the simple Voigt model. The lower limit (dc)
stiffness is the series combination of G 1 and G2, and the high frequency limit is simply G1.
The dashpot coefficient i is a parameter that corresponds to the relaxation time in the
epoxy.
Fig 6.12b
Spring and dashpot representation of the improved Voigt model for a
viscoelastic solid.
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Elastic moduli as a function of frequency for the simple Voigt model and
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1100
1000
900
.-
a.)
C
a.)
a.)
rID
a.)
CI)
1150
0
C
-
a.)
a.)
rID
I	 I	 I
	
- through transmission	
/
- - - - send - receive
	
- through transmission	 /
(from two separate waveforms)
1000
2	 4	 6
	
8
freaiiencv (MT4z
Fig 6.14
Calculated shear wave phase velocity in the epoxy adhesive layer from
EMAT send-receive, through transmission and two separate through
transmission waveforms.
2	 4	 6	 8	 10
frequency (MHz)
Fig 6.15
Calculated fit to shear wave phase velocity in the epoxy layer from
theimproved viscoelastic model.
800
0
Chapter 7
Adhesive curing experiments
7.0 Introduction
The study of curing adhesive bonds is a well documented experiment. Classically it
is performed by permanently fixing a piezoelectric transducer to the adherent prior to
curing. Studying the characteristics of the waveforms in or through the bonded structure
yields valuable information concerning the nature of curing in the adhesive. Most of the
adhesively bonded samples described in chapters 5 and 6 are from a range of aerospace type
bonds prepared using Redux3l2 adhesive. In this series of experiments, for convenience a
two part room temperature epoxy was used to adhesively bond aluminium plates. The aim
was to show that the EMAT can not only be a valuable tool in post production, but also has
the ability to be practically applied in monitoring the cure of an adhesively bonded sample.
7.1 Justification of the technique
The acoustic theory that is applicable to epoxy resins is that of a viscoelastic medium.
This chapter deals with a study of the acoustic properties of a two component free curing
epoxy adhesive (Araldite) bond. The use of ultrasonic techniques to monitor cure was first
reported by Sofer et al. [fl , and the extension to monitoring phase and group velocity
changes during cure was developed by Lindrose [2]. Analysis of the acoustic pulses yielded
information concerning the adhesive and cohesive changes during cure. Si ml! ar experiment
have been done by several workers [5-11], but using different modes of ultrasonic waves
and types of transducer. Most of these experiments have employed the use of a contact
transducer, which itself usually needs to be 'glued' to an adherent. The presence of this
adhesive layer can possibly lead to a loss of information in the experimental data. The
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advantage of using SH waves in such an analysis is that the initial state is a viscous fluid,
which will not favorably support the propagation of shear waves. The final state (for a
properly cured epoxy), should be that of a viscoelastic solid which will support the
propagation of shear waves. The SH waves also give a very sensitive indication of what
changes are occurring at the interfaces, and in the adhesive bulk. Starting with the theory
developed in chapter 2, the ideas can be expanded, to give some indication as to how the
mechanical properties of the adhesive change during cure.
7.2 Structural channes within a curing epoxy
Epoxy resins in the uncured state behave like a very viscous liquid, which allows the
adhesive to adopt the shape of the cavity between the adherents. On curing, or solidification,
they experience little shrinkage which reduces the stresses that could possibly otherwise
peel the adhesive (adhesive failure) from the adherent or crack the adhesive itseJf (cohesive
failure). In order to behave as a viscous fluid, the molecules should ideally be monomers,
or very short polymers. During polymerisation of the adhesive, the monomers in the
adhesive join together to form a polymer chain. A cured resin consisting of many polymer
chains would obviously be much stiffer than an uncured resin, but would make a poor
adhesive as it would be easy to separate the polymer chains from each other while still being
difficult to break an individual chain. In order to obtain a much stiffer cured medium,
chemical agents are introduced to the resin that chemically bond one chain to another,
becoming part of the cured polymer structure itself. This is termed cross-linkage [3,4].
Different types of cross-linkage agents are used depending on the specific adhesive
application and the properties required from the cured adhesive. Quite often, catalysts are
also incorporated into the mixture of adhesive and hardener and may be isolated, or part of
the cross-linkage hardener.
Thus, when an adhesive is actually curing the two important processes occurring
simultaneously are polymer chain growth and polymer chain cross-linkage. If this process
was 100% efficient then the resulting cured polymerwould be avery strong, but very brittle
crystalline medium, whereas ideally both strength and ductility are required. While
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crosslinkage is needed to give the adhesive strength, the degree rigidity it gives rise to must
be limited. The crystallisation process is inhibited by the growth of the polymer chains
themselves, and quite often chemicals are included into the hardenerto prevent crystallisation.
Thus the adhesive as it cures changes from a viscous liquid to a glassy-like state. Cross
linkage is generally a slower chemical reaction than the polymer chain growth itself, thus
the polymer chain growth tends to dominate the observed changes in the physical properties
of the curing adhesive during the initial stages of cure while the cross-linkage process is
indicative of the changes taking place towards the end of the cure cycle.
7.3 Basic experimental setup
As the grade of epoxy used could take up to 48hrs to cure at room temperature, the
experiment was automated using a pc (schematic shown in fig 7.1). The bonded sample is
shown in fig 7.2. It consisted of two plates 5mm thick machined from the cross section of
aluminium extruded rod. Standard aluminium platewas not used so as to avoid any potential
complications arising from acoustic birefringence. One of the plates had a recess machined
into it to a depth of approx 0.5mm and a diameter of 50mm, as shown in fig 7.2.The two
plates could be bolted together, to provide a disc chamber in the cell that contained the epoxy
adhesive. This ensured thatwithin the cell there was a flat, uniform thickness adhesive layer.
A small hole was drilled into the recessed area to provide a channel for any excess adhesive
to escape.
Prior to bonding the plates were degreased using acetone, etched in a dilute sulphuric
acid solution (to give some surface roughness and surface treatment), then thoroughly
rinsed in water and left to dry. The two components of the epoxy were mixed, then
immediately placed in the recess and the whole cell was then bolted together. The cell was
then placed within a polystyrene insulation chamber, as rapid changes in the ambient room
temperature of a few degrees centigrade were found to greatly effect results introducing
sharp discontinuities into the recorded data for shear wave pulse amplitude transmitted
90
through the adhesive layer and reflected from the adherent-adhesive interface. Temperature
effects were studied by Rokhlin at al [6] and found to significantly effect the physical
properties of the curing epoxy.
The data was captured on a LeCroy digital oscilloscope controlled by a pc via IEEE
GPIB-PC interface. An EMAT SR unit was used to measure the amplitude of the reflected
SH wave from the first adherent-adhesive interface. The second peak arrival of the echo
train was used as the first peak lay just within the electronic dead time of the equipment for
these particular experiments. An EMAT on epicentre on the other side of the cell was used
to detect SH wave arrivals in IT. He et al [5] also monitored the arrival of a shearwave using
an EMAT obtaining transmitted amplitude data similar to that presented here, but the
system used was narrow band and consequently only information for one particular
frequency was available. Using the broadband EMATs in this project in the TI' geometry,
the measured peak was the very first ultrasonic arrival. The peak-peak amplitude of both
reflected and transmitted waves were recorded at regular time intervals. Specific SH pulse
arrivals were captured and stored at much longer non-equally spaced time intervals. More
waveforms were captured during the time when the transmitted wave was observable, and
undergoing the most rapid change. A much quicker curing two component epoxy was also
examined, but only amplitudes and arrival times were recorded in this instance.
7.4 Shear wave pulse amplitude measurements
The ultrasonic pulses that are generated by the EMAT are broadband, and this should
be bourne in mind when any measurements of these pulses are being made. As an epoxy
cures, it becomes mechanically stiffer, with relatively little change in volume or total mass.
As a result, any acoustic wave that propagates through the bulk will suffer less attenuation
and experience an increase in velocity as the adhesive cures. The first types of measurements
taken were peak-peak pulse amplitude in both TI' and SR. As the temperature of the
aluminium plates was constant over the cure cycle, the attenuation coefficient of the
aluminium was constant, and thus any changes in the signals can be attributed to the changes
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occurring within the adhesive or at the aluminium-epoxy interface. The chemical reaction
taking place as the epoxy cured was exothermic, but the thermal mass of the aluminium was
large enough to neglect any changes in temperature due to heating from the epoxy.
In SR, the amplitude of the back reflected acoustic pulse depends on the adherent
surface coverage, the adhesion of the epoxy to the surface, and on the acoustic impedance
of the epoxy. Due to the nature of the cell construction, total surface coverage was achieved
and this was verified by destructive examination of the cell after full curing. The remaining
factors were the adhesion and cohesion( orstiffness)which are inseparable factors in athe
SR geometry. The peak-peak amplitude measurement is a uatitative measurement 'vith
respect to any attenuation measurement as the shear wave pulse was broadband. Measuring
the reflected amplitude as the adhesive cures yielded the results shown in the graph of fig
7.3a. This is in agreement with results obtained by other workers [6,7]. The changes being
monitored here were relatively small, once again high-lighting the fact that SR is not the
most sensitive technique for monitoring changes in the physical properties of the adhesive.
The Ti' results for the transmitted amplitude show the expected increase in amplitude
as the adhesive hardens [5,8,9,10,111, and the gradual levelling off as the epoxy approaches
its fully cured state (see fig 7.3b). It should be noted that the TT amplitude contains
information on the reflection coefficient at both interfaces. Once again, the pulse was
broadband, and the attenuation of the epoxy was strongly frequency dependant. As the TI'
signal traversed the epoxy bulk, the broadband nature is aparticularly important consideration.
Bearing in mind the broadband argument stated above, a time dependant epoxy
ultrasonic attenuation coefficient (fig 7.3c) was calculated from the SR and TI' data. Once
again this is a fairly qualitative measurement as it ignores any frequency dependance. The
amplitude measurement technique can also be applied to much quicker setting epoxies. The
SR reflected pulse (second pulse) amplitude is shown in fig 7.3d, and the TI' first pulse
arrival amplitude is shown in fig 7.3e. Both of the epoxy Ti' data show the interesting result
that the initial transmitted amplitude shows a gradual increment for the initial 2.Shrs and
0.lhrs for the normal and quickset respectively, then undergo a very rapid change in
physical properties. The Ti' amplitude appears to slightly decrease for the normal cure time
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epoxy in the first 2hrs, but this amplitude is the recorded background noise which appears
to slightly fall in this time period before the TI' shear wave pulse becomes larger than and
dominates over the background noise.
At the interface of two elastic halfspaces in perfect intimate contact, the reflection and
transmission coefficients are functions of the acoustic impedances of each media only,
taking no account of the coupling mechanism or adhesion at the interface. One method of
calculating the reflection coefficient, or monitoring a change therein, is to measure the pulse
amplitude of a reflected shear wave and compare it to the next echo (taking account of
attenuation), or compare it to the pulse amplitude when there is no second medium present.
This method, as described above in a real system will not only depend on the acoustic
impedance of each medium, but will also be affected by the coupling ( adhesion) at the
aluminium-epoxy interface.
The measurement described above can be compared to a theoretical reflection
coefficient ( 'r') from the following expression,
r = (Z 1 -Z2) / (Z1^Z2)
where Z2 = ( p c), and 'Z' is the acoustic impedance, 'p' the density of the medium, and
'c' the ultrasonic wave velocity in that medium.
As the arrival time of the pulse had been measured in TT (fig 7.4) , the ultrasonic
velocity in the adhesive has effectively been measured. Care should be taken though as this
is not strictly true - once again the pulse is broadband and the arrival time is assumed to be
that of a 2.5MHz ultrasonic wave, which was the most dominant frequency present in the
Ti' shear wave pulses. The reflection coefficient obtained from this procedure is shown in
fig 7.5 with the reflection coefficient calculated from the amplitude measurement. A value
of 1100 Kgm-3 was taken for the density of the epoxy which gave the best fit to the data.
The experimentally measured value of density was 1 lOOKgm-3 +1- lOOKgm-3 , so that the
apparently good degree of correlation may be chance but this would only normalise the data.
The time dependant form of the two calculated reflection coefficients correlate very closely,
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which implies that this ultrasonic technique is not sensitive enough to monitor the change
in adhesion during cure for this particular epoxy adhesive.
7.5 Waveform and fourier analysis
In order to obtain more quantitative frequency dependant results, it was necessary to
capture specific ultrasonic pulses. The waveforms were captured in both SR and IT, the
capture rate concentrating on the lower time scales, where the biggest rate of change
occurred.
A selection of the SR signals with time are shown in fig 7.6a. The signals appear to
be almost identical, and analysis in the frequency domain shows that the relative frequency
content of each pulse is the same: it is only the absolute amplitude that changes, decreasing
as the epoxy becomes mechanically stiffer during cure. The magnitude FFTs for the
waveforms are shown in fig 7.6b.
The changes in the observed TI' signals were totally different to the SR case. The
waveforms recorded at various times after mixing are shown in fig 7.7a. It can be seen that
there is a significant change in the shape and peak arrival time of the shear wave pulse during
the cure cycle. This result was due to frequency dependant changes in attenuation and in the
dispersion relation of the epoxy. The magnitude FFTs are shown in fig 7.7b and demonstrating
that the higher frequencies are more strongly attenuated, and how all frequencies are less
strongly attenuated for a higher degree of cure.
The attenuation as a function of time for certain frequencies are shown in fig 7.8. In
order to perform this calculation a reference pulse through one of the aluminium adherents
was required, and the change in 'reflection' coefficient must also be taken into account for
the calculations.
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7.6 Shear wave phase velocity chances in the curing adhesive
Since the adhesive is viscoelastic, there should be a significant variation in shearwave
velocity with frequency - a dispersion relationship. This in turn should also have vary as the
glue cures [10] and changes from a more liquid-like state to a more solid-like state. In order
to calculate the phase velocity the Ti' data was analysed, requiring a reference pulse that
represented the ultrasonic pulse before it entered the adhesive. This could not be obtained
within the experiment as the through transmission EMAT only ever receives ultrasonic
pulses that had traversed the epoxy and had therefore been affected by it. The SR pulse could
not be used either, as the preamplifiers used in SR and Ti' have different phase and gain
relationships, yielding very different pulse shapes. The reference pulse was generated by
recording the ultrasonic SH wave through transmission pulse from one adherent alone.
There then remained the problem of obtaining the correct time delay between this pulse and
the waveforms that had traversed the whole cell. The time taken for a shear wave to traverse
the plates can be measured accurately, so that the theoretical arrival time of the pulse that
would have travelled the total path length of aluminium within the cell can be calculated.
At this point,we also need to consider the feature of the pulse that gives the time
corresponding to the arrival time. The features measured were the peak-trough pulse height
(the 'amplitude' measurement) and the position of the pulse maximum (the 'arrival time'
measurement). Arrival time measurements are further complicated by the fact that due to
the electronics in the EMAT system, the trigger pulse is not necessarily the time at which
the ultrasonic wave is generated. Simple measurements showed that the peak of the first SH
wave arrival was 270ns delayed to the point that would correspond to the true arrival time.
Utilisi ng this information to position the reference pulse, and then taking 2.90 is (the timebase
trigger delay) from the front of the reference Ti' waveform (the oscilloscope trigger delay),
gave the correct arrival time (within the window), of the pulse incident on the adhesive layer.
Taking the error in this positioning of the reference pulse to be +1- one digitisation point
(iOns digitisation rate), would give an error of approximately 2% in the absolute value of
phase velocity. Phase velocity calculations on consecutive waveforms yield differences in
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phase velocity of approximately 5% (see fig 7.9), which is obviously significant compared
to the absolute error in the calculations. This error would however propagate through all the
phase velocity calculations and thus the relative differences in these calculations would
remain fairly constant. As is expected, the velocity increases with frequency due to the fact
that the 'quicker' particle displacement associated with a higher frequency ( for a shear
wave) causes the viscoelastic media to respond in such a way that it appears mechanically
'stiffer'.
7. 7 Theoretical fits to phase velocit y data
Using the theoretical model shown in fig 6.12b , discussed in section 6.2.2 , the
computed phase velocities were fitted to theoretical phase velocity dispersion curves. To
recap, the model comprises two springs and a dashpot, and has been treated as the only
relaxation mechanism at any particular time - i.e. a single relaxation frequency at any one
time during the cure cycle. The theoretical fits were evaluated at specific points on the
dispersion curve and are shown overlayed (as dots) on the dispersion curves computed from
the experimental data of fig 7.9.
From the fitting parameters, values for the two spring coefficients and their
corresponding relaxation frequencies were calculated. The lower spring coefficient 'G1' and
the relaxation frequency are shown in fig 7.lOa. The high frequency limit of stiffness had
an uncertainty of over 1000% for some values, and these are displayed in the table of fig
7.lOb The spring of lower stiffness in the model (approximately the dc stiffness), and the
relaxation parameter or dashpot coefficient have a relatively small degree of uncertainty.
The relaxation frequency increased from -90MHz at a time of 5.O3hrs, up to a relaxation
frequency of -200MHz at 20.O3hrs. The dc shear modulus increased from -O.4GPa to a
maximum value of -0.8GPa for full curing. Challis et al [10] measured the moduli and
relaxation frequencies for an extensive range of adhesives and obtained similar time
dependant variation and values and to those described here.
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7.8 Shear wave group velocity chan ges in the curing adhesive
The group velocity of a wave is the velocity of the energy flux associated with that
wave. Consequently, the group and phase velocity are not necessarily the same. Once again
the time shift within the window and a reference pulse were required for this calculation.
The shape of the differential of the FFT phase is independent of the position of the waveform
within the window. The time delay correction serves so as to give the differentiated phase
adc offset, which gives the differentiated phase the correct absolutevalue. The differentiation
is carried out by a computer algorithm, which uses a three point differential routine. The
differential is susceptible to slight gradient variations in the phase, as the phase consists of
discrete points. Thus, the phase velocity calculations appear to contain oscillations which
are a result of the computation. The general trend of the data is however, reliable (see fig
7.11). Here once again, the absolute value of group velocity may be affected by an error in
the time delay correction, but relative changes of the different waveform group velocities
will remain the same. The group velocity increases with frequency for the same reason that
the phase velocity increases. As the epoxy cures, the shear wave velocity at a particular
frequency also increases.
7.9 Summary
The EMATs were used to study both how adhesive and cohesive properties changed
as the bond cured in a broadband non-contact ultrasonic technique. In the range of
frequencies studied, it was found that the adhesive properties were frequency independent
from the waveforms obtained from the near adhesive-adherent interface in send-receive.
This was shown as the relative amplitude of the frequency content of a send-receive pulse
remained constant as a function of frequency. It must however be remembered that the back
reflected pulse also contains information of the epoxy bulk as the acoustic impedance of the
epoxy also affects the amount of acoustic energy reflected at the boundary. The change in
the epoxy cohesive properties varied greatly as a function of frequency, resulting in the
velocity and attenuation of the shear wave pulse dramatically changing over the cure cycle.
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Fig 7.2
Schematic diagram of the experiemntal setup in monitoring the cure of
a two component epoxy adhesive.
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Normalised 'attenuation' coefficient of curing epoxy as a function of time
(derived from the reflected and transmitted amplitude data).
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Through transmission EMAT shear wave pulses recorded at various cure
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Fig 7.8
Shear wave attenuation in the curing epoxy for a number of specific
frequencies as a function of time.
1100
' 1000
.-0
"ition frequency
.0 2 MHz)25
20
15
10
LSt1C modulus
efficient 'G1'
: 10' GPa)
5
0
0.03 hrs
.1.68 hrs
.71 hrs
.87hrs
.03 hrs
3	 4	 5	 6	 7
	
S
Fig 7.9
	 freQuencY (MHz	 t= cure time
Calculated shear wave phase velocity at a number of various times during
the adhesiev cure.( obtained from the through transmission data of fig 7.3b. Also
indicated on the graph are theoretically fitted points using the model described in
section 6.2.2.).
700
2
5.03	 5.87	 6.71	 11.68	 20.03
time (hrs)
Fig 7.10
Fitting parameters to the improved viscoelastic model for various times
during the adhesive cure.
1300
1200
, 1100
•	 10000
900
800
700
2	 3	 4	 5	 6	 7	 8
frequency (MHz)
Fig 7.11
Calculated shear wave group velocity at a number of various times during
the adhesive cure.
Conclusion
The work done during the course of this project has demonstrated that the EMAT is
a practically viable and inexpensive means of performing nondestructive characterisation
of adhesively bonded aluminium plates. The technique is not offered as a complete solution
to the problem of examining bond integrity, but rather as a complementary method to the
existing techniques already used in both research and industry. This is facilitated by the fact
that the equipment is compatible with that already used in the field of NDT. At a less
sophisticated level, it has also been shown that the EMAT can replace or be used in areas
of testing where conventional ultrasonic transducers would prove problematic. The EMAT
system is far less sensitive than a typical PZT piezoelectric based transducer system by
around a factor of a thousand, so that there must be special reason to use an EMAT in place
of a PZT transducer that outweighs the loss in sensitvt.
The performance of the EMAT system in bond analysis
The EMAT systems used were capable of generating broadband radially polarised
shear waves in a totally non-contact regime. The lack of any couplant requirement alone
should justify the use of the transducer as oppose to a transducer that requires the application
of couplant. The thickness of a couplant may also have to be carefully controlled if
amplitude data is being extracted from the waveform. Measuring the relative amplitudes of
features within a waveform and gateing out other unwanted acoustic signals would be the
ideal type of analysis to persue, but these are difficult to implement and are only ever as
accurate as the assumptions used to develop the theory. An outline of some of the
considerations that must be made when attempting to use signal processing was described
in chapter 6, where it was shown that in order to have confidence in a waveform analysis
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technique it must take into consideration every possible acoustic feature that can possibly
arise in the waveform and take into account both detailed acoustic properties of adherent
and adhesive and the complete response of the transducer system.
It has been suggested that shear waves impinging on the adherent-adhesive interface
at normal incidence should be the most sensitive probe of interface quality. Normal
incidence shear waves are difficult to couple into a medium using piezoelectric transducers
as a viscous couplant is required, and for this reason longitudinal piezoelectric transducers
are more commonly used in adhesive bond analysis. A viscous coupl ant would obviously
make most scanning applications using piezoelectric transducers impractical. As the
EMAT is totally non-contact scanning is much easier and can be performed through painted
layers or non-conductive (electrical) coatings. Obviously, as stand-off from the sample
increases the signal will fall and operation on aluminium is usually limited to within a few
millimetres. Variations in stand-off could be a cause for concern, but this could be
monitored via a variation in the EMAT coil impedance or its phase shifting characteristics
as shown in chapter3.
The acoustic signals obtained form the EMAT system are broadband in nature,
centred on around 5MHz with a bandwidth of around 6MHz when operating on aluminium
at a standoff of approximately 3OOtm. Normally EMAT systems are operated in a narrow
band regime in order to obtain a satisfactory signal to noise ratio, which makes the EMAT
signal much more resonant in nature. If the EMAT signal is more resonant in nature it will
be temporally broader and thus decrease the temporal resolution in the direction of
propagation. Phase analysis of the two overlapping tonebursts could be used but the process
of performing the FF1' loses resolution in the information compared to the information in
the time domain and of course it also takes more time to perform the calculation. The
observed frequency content in the EMAT signals from the system used in this project are
a result of the characteristics of the drive pulse, the EMAT impedance and the response of
the preamplifier. A broadband frequency content makes the shear wave pulse sharper, thus
yielding a higher temporal resolution. There is no reason why the EMAT signals cannot be
analysed in the frequency domain as was discussed in chapter 2, but it was considered that
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the time domain analysis would be easier to implement and quicker than FFT techniques
with the samples investigated.
Most of the defective samples were successfully identified during the course of this
project and some that contained unintentional defects were also identified. Defective region
were not identified in the fat and release agent contaminated samples, and destructive tests
revealed that these had undergone adhesive failure in the defective regions. The temporal
'thickness' of the adhesive layers within the bonds was also successfully monitored - an
important measurement if the attenuation in the epoxy is to be accounted for in signal
processing. Both through transmission and send-receive (pulse-echo) techniques were
demonstrated using the same transducers that have been developed during the course of this
project.
Failure to detect adhesion defects
The most striking failure of this technique was that encountered when scanning a
sample that had been treated over a certain region with a release agent ( Frekote), and a fat
contaminated sample. Ultrasonic TI' scans (fig 8.1) or SR scans showed no indication of
any difference in shear wave impedance mismatch over the treated area of the bond or over
the well bonded region of the bond. Shear waves had been coupled across the unbonded
adherent-adhesive interface. Modern adhesives can adsorb grease or solvent contaminations
from the surface of adherents, and this is usually more effective in the adhesives that cure
at elevated temperatures. From the destructive examination results (chapter 5 table 5.1 and
fig 5.2) we know that this was not the case - the defective region was a mechanically
unbonded area and no adhesive appeared to have wet the adherent surface. In chapter 5
(fig 5.18) it was shown that shear waves could be coupled across an unbonded adhesive-
adherent interface if a sufficient compressive stress was applied to the interface. As the
samples here were constructed under applied pressure it is possible that a compressive stress
developed over the defective region during cure, which could account for the transmission
of acoustic energy through the interface. The unbonded adhesive would be avery flat area
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and in close proximity to the adherent (a few microns away from the oxide surface
depending on thickness of release agent layer) which would make acoustic shear wave
coupling across the interface more efficient. There there is also the consideration However,
it is unlikely that the compressive stress argument could account for the fact that there was
absolutely no observable difference in shear wave coupling across the interface over
defective and defect free regions. The explanation behind why the shear wave is actually
well coupled across the unbonded interface must lie in the nature of the adhesive bonding
mechanisms, which are the interactions that occur at the aluminium oxide surface.
A possible explanation as to why the shear waves couples across the defective release
agent coated region follows. It was shown in chapter 5 that the ultrasonic displacements of
the EMAT generated shear waves is the order of or less than 10-16 m. If the separation of
the adhesive adherent surfaces is approximately 1tm then the change in separation of the
interacting adhesive-adherent molecules is going to be less than one part in 10 10m. Thus
between an infinitely small element of area in the adhesive and the adherent, the forces of
attraction do not change. The fact that there was no observable difference in the coupling
over a region where the adhesive had not wet the adherent, suggests that the mechanical
keying between adhesive and adherent is not necessarily the mechanism that couples shear
waves across the adhesive-adherent interface, but it is the factor that will ensure they remain
bonded. Therefore if the energy of the incident shear wave was far less than that needed to
make the adhesive-adherent interaction significantly change then there would be no change
in the shear wave reflection coefficient over the defective region of the bond.
Another possible reason that the Frekote contamination was undetectable may lie in
the fact that the very thin teflon layer it leaves on the adherent surface would be
mechanically very stiff, as discussed in the summary of chapter 5. This idea of course still
relies on the assumption that the teflon layer is weakly bonded to the aluminium and epoxy
such that shear waves are coupled across the interfaces without them having sufficient
energy to cause any slipping between the planes. If this was the case then this idea could be
tested by using very high energy (large amplitude) ultrasound or much higher frequencies
(order of GHz), both of which are totally impractical in a real Situation.
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Suggested future work
The EMAT system used in this project is at least as sensitive and more practical to use
than conventional contact transducers or immersion techniques in the analysis of adhesively
bonded aluminium plates. The main area for further development of the system would
appear to be in the signal processing used to obtain information from the measurements
performed using this hardware. In order to do this a detailed analysis must be carried out
on the acoustic filed generated by the transducer coupled together with the multi-layered
bonded structure. There still also remains the question of why defects such as the release
agent defect are not detectable using shear waves at normal incidence, and this may not be
possible using ultrasonic techniques alone. This aside, the EMAT system has proved to be
a useful tool in assessing bond integrity and as it is also relatively inexpensive echno(ogy
it appears a promising addition to the techniques and equipment already available for such
NDT applications.
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Fig 8.la
2D densityp1ot for the amplitude data obtained in scanning the release
agent treated sample in through transmission.
Fig 8.lb
2D density plot for the amplitude data obtained in scanning the release
agent treated sample in through transmission.
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Fig 8.lc
2D density plot for the amplitude data obtained in scanning the re?ease
agent treated sample in through transmission.
Fig 8.ld
2D density plot for the 'thickness' data obtained in scanning the
release agent treated sample in through transmission.
Appendix
Appendix A
Viscoelastic model equation derivation
In the following refer to the viscoelastic model using a spring and dashpot combination if
fig 6.11b.
The relaxation time period (1 / relaxation frequency) is given by
2i
G
	
(1)
The stress (T) applied to the network is given by,
T=Tl=T2+Td
where T1 is the stress in the spring of modulus Gj, T2 is the stress in the spring of
modulus T2 and Td is the stress in the dashpot branch.
The total displacement (x) of the ends of the network from the eq^n th^oti
x = x1 + x2	 (3)
where xi is the displacement of spring(1) branch and X2 is the displacement of the
parallel combination of spring(2) and the dashpot from equilibrium.
Stresses in spring(1) and spring(2) are given as T1 and T2 respectively by,
T1 = x1 G1 
and T2 = x2 G,
	 (4)
Stress in the dashpot (Td) can be written in terms of a damping coefficient ii ,and the
differential of x with respect to time,
Td 
=	
11
The continuity of stress in the network requires that,
dx
T = x1 G1 = x2 G2 + 
d t 1
	
(6)
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(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
Now, take a sinusoidal variation in applied stress and displacements such that,
T = T0eWt
x2 = x20e(0t
x1 = x10et
where T0 x and x20 are constants.
Rewriting equations (2) and (3) yields,
T0 = x10G1
iwt
x	 (x10+x20)e
and
Using equation (4) gives,
( 1
	 1
x =T0 L— +	 .G2+Iwrl)
leading to,
(G2+iw+G1
x =T G1(G2+Wl))e
The complex modulus of the system is thus given by,
1 (G1(G2+iw1)
G =	 T0 et	
e°	 ^ iw1 + G1 )x
Making the denominator real yields
G (G2 ^ iwi)(G1+ G2 — iw)1
2(G2 ^G1) +
And finally as a real and complex part by,
G G (G1 + G2 ) + w2 2	 iw
G= 12	 2	 + 2(G2 + G1) +	 (G2 + G1) + Co2
The above equation was used to fit the calculated phase velocity to a simple
viscoelastic model, in order to obtain values for the relaxation frequency of the epoxy
polymer.	 104
Appendix B
Construction and preparation of adhesively bonded samples obtained from
the
DRA Farnborough
Aluminium adherent preparation
Samples of 3.3mm thick and 4.8mm thick aluminium BL156 were used in the
construction of the adhesive bonds. The adherents were 150mm X 150mm square cut
samples.
Preparation steps
1) Aluminium plates undergo vapour degreasing.
2) Aluminium plate cut to required size.
3) Aluminium adherent is degreased in alkaline solution (MINCO 3410) for a few
minutes.
4) Adherent is etched in chromic acid at 60°C for 30 minutes.
5) Adherent is rinsed in water.
6) Adherent is anodised in phosphoric acid (BAC 5555) at 25°C. Voltage is increased
from Ov to 1OV over 30 seconds then held at 1OV for 22 minutes.
7) Adherent is rinsed in water.
8) Air dry for 20 minutes. Oven dry for 30 minutes. Store in desiccator.
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Construction of bonded sample
Thermosetting epoxy adhesives (Ciba-Geigy Redux 312) were used to bond the
3.3mm aluminium adherent to the 4.8mm aluminium adherent that contained a woven
polymer carrier (CG312/5) and a plain sheet of resin (CG312). Samples were cured in a
thennal press.
Construction steps
1) Bonded sandwich was formed and pressed under a pressure of around iMFa. Wire
spacers were placed between the adherents in the adhesive layer for the adhesive that
did not contain the fabric carrier.
2) Temperature was raised to 120°C at a ramp rate of 8°C per minute.
3) Temperature held at 120°C for 30 minutes.
4) Temperature reduced at a ramp rate of 10°C per minute to room temperature.
5) Applied pressure was released and samples removed from press for storage in a
desiccator.
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